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“Somewhere, something incredible is waiting to 
be known”  
Carl Sagan
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Summary 
 
Due to actual international concern about climate change, renewable 
energies found a privileged position as they neither pollute the air nor 
consume water and they are considered to be inexhaustible. The recent 
confirmation of the first-ever universal, legally binding global climate deal 
achieved at the Paris climate conference (COP21) in December 2015 
strengthened that position. 
Offshore wind prevailed amongst these alternative energy sources because 
of its maturity and previously gained onshore experience. In fact Europe’s 
cumulative installed capacity grew exponentially from the early 2000 reaching 
by the end of 2016 a total capacity of 12,631 MW, across a total of 3,589 wind 
turbines. The rated capacity of offshore wind turbines has grown 62% over the 
past decade. Of course the higher the expected capacity, the larger and more 
robust the turbine and its support structure must be.  
Present concern is related to the inclusion of new generation steels for the 
support structures in the relevant design codes which presumably can reduce 
the total weight and therefore the manufacturing and installation costs of these 
structures. However a deeper understanding of these materials’ properties 
subjected to close to real offshore conditions (in terms of dynamic loads and 
harsh environment) is needed. As a matter of fact, fatigue plays a key role 
during all project phases (design, transport, installation) and furthermore 
during operation. Recent state of the art reviews have highlighted the need of 
expanding the material database included in the design codes and moreover 
to enhance the standardized design methodologies. Major enhancement areas 
are related (but no limited) to: development of testing methodologies aiming 
for the faster inclusion of new generation materials in the design codes, 
admittance of nonlinear damage estimation approaches that could account for 
the effect of variable amplitude loading on the fatigue life, quantification of 
scale influence on the fatigue crack growth rate and a better understanding of 
the interaction of corrosion and fatigue damage processes. 
In this work first attention is directed towards a critical interpretation and 
comparison of fatigue design codes in order to detect possible enhancement 
items. Based on the obtained conclusions it was decided to focus on the 
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experimental development of fatigue testing methodologies and setups for a 
better understanding of the following topics:  
- Determination of the fatigue limit and the entire S-N curve using 
multiple instrumentation techniques and a reduced number of 
samples. 
- Interaction effects occurring during variable amplitude and ΔK 
block controlled tests. 
- Scale effects not considered in fatigue design codes. 
- Accelerated estimation of the corrosion-fatigue damage process. 
Hereunder a brief summary of each of these topics is given. 
An accurate estimation of the entire S-N curve plays an important role in 
fatigue structural design. Traditional experimental methods used to this end 
are highly time consuming. In recent years the application of infrared (IR) 
technology for accelerated fatigue damage evaluation has increased. However, 
this technology is not always deployable in aqueous environments, e.g. due to 
lack of space or accessibility. Under such circumstances, the electrical potential 
drop (PD) technique has shown to be applicable for crack initiation and crack 
growth assessment. Attention was paid to the description and comparison of 
the established IR and a novel PD method to determine the fatigue limit of two 
HSLA steels in an effective and efficient way. The results of both methods 
showed very good correlation. 
Conventionally a load spectrum of varying stresses is reduced into a series 
of blocks with constant amplitude stress reversals.  The block load variations 
generate non-linear transients in the crack growth rate, i.e. crack growth 
acceleration or retardation effects. However these are generally ignored and a 
linear damage accumulation method is used to estimate fatigue lifetime. This 
can have large cost implications for example in the planning of maintenance 
intervals based on a fracture mechanics based assessment. To investigate the 
effect of block loading transients, different ΔK block loading schemes with 
changes in magnitude similar to those expected for a structure operating in the 
North Sea environment have been elaborated. Two offshore steel grades have 
been subjected to variable amplitude fatigue crack growth tests according to 
these testing programs. Retardation of crack growth has been evidenced in so-
called high-low sequences. This effect was most pronounced for larger jumps 
in stress amplitude and lower ΔK values which eventually can cause crack 
arrest. 
Fatigue design curves have typically been derived based on testing small 
scale standardized specimens. A correction factor is applied to account for 
differences in thickness and weld geometry. However crack growth behaviour 
in tubular elements is complex and it is not totally clear if this can accurately 
be represented by testing small-scale coupons. Large scale fatigue tests aim to 
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characterize the fatigue behaviour in a more realistic manner. However 
conducting such tests is very expensive. Hence, a medium scale strip type 
specimen with dimensions between small scale standardized specimens and a 
full pipe was designed. It has the same curvature and thickness as the pipe 
from which it is extracted and a semi-circular notch is introduced. In this way 
it can account for most of the scale effects. Furthermore it can be tested in 
conventional test rigs at rather high frequencies. By comparing the 
corresponding da/dn-ΔK curves of both small and medium scale specimens, it 
was possible to conclude that the standardized specimens overestimate the 
crack growth rate. Additionally methodologies are proposed for a more 
accurate use of small scale specimen properties to assess notched components. 
The corrosive nature of the marine environment is an important factor to be 
considered during the fatigue design of offshore structures. Thereto, S-N 
curves must be determined in close to real conditions which is highly time 
consuming. It is hypothesized that if the corrosion process is accelerated at 
approximately the same rate as the fatigue frequency, testing time could be 
highly reduced. Corrosion acceleration is possible by modifying physical 
and/or electrochemical properties involved in the redox reactions. In this 
research the first option was chosen. Based on a literature review temperature 
and dissolved oxygen level were concluded to be the most influencing 
parameters. Several tests scenarios with different combinations of sea water 
temperature and dissolved oxygen level have been defined. Corresponding S-
N curves have been constructed for two high strength low alloyed specimens 
immersed in natural seawater. The direct current potential drop technique was 
used to quantify the damage evolution for all tested scenarios. Additionally, a 
reference S-N curve for immersed behaviour was determined at a temperature 
and frequency close to North Sea conditions. Comparison of the experimental 
results indicated that an average acceleration of the corrosion assisted fatigue 
damage process of around 80% could be obtained. 
Future research opportunities are identified as follows. The experimental 
investigation of a broader range of parameters for a confirmation of the 
obtained results; such as R-ratio effects, randomization effect and 
quantification of the corrosion acceleration. Additional attention should be 
directed to the analysis of welding details since they represent a weak point in 
real structures. A final point of attention is the effect of corrosion and 
hydrogen embrittlement produced by micro-organisms and the investigation 
of hybrid material joints for marine applications. 
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Samenvatting (Dutch summary) 
 
Omwille van de actuele internationale aandacht voor klimaatverandering, 
hebben hernieuwbare energiebronnen een bevoorrechte positie ingenomen. 
Men neemt algemeen aan dat deze geen luchtvervuiling veroorzaken, dat ze 
geen water verbruiken en bovendien worden ze als onuitputtelijk bestempeld. 
De recente goedkeuring van de allereerste juridisch bindende wereldwijde 
klimaatovereenkomst, die in december 2015 op de klimaatconferentie van 
Parijs is bereikt (COP21), versterkte die positie. 
Offshore wind is actueel waarschijnlijk de meest aantrekkelijke  alternatieve 
energiebron, mede dankzij de positieve ervaringen met de exploitatie van 
onshore windenergie. De cumulatief geïnstalleerde capaciteit in Europa 
groeide exponentieel vanaf begin 2000 tot een totale capaciteit van 12.631 MW 
voor een totaal van 3.589 windturbines eind 2016. De nominale capaciteit van 
offshore windturbines is het afgelopen decennium met liefst 62% toegenomen. 
Des te hoger de verwachte capaciteit per turbine, des te groter en robuuster de 
steunstructuren moeten zijn. 
Een belangrijk aandachtspunt is het al dan niet kunnen toepassen van 
nieuwe generatie staalsoorten voor de steunstructuren overeenkomstig de 
voorschriften van relevante ontwerpnormen. Deze werden tot zeer recent 
stiefmoederlijk behandeld, maar zouden toelaten om het totale gewicht en 
daarmee de fabricage- en installatiekosten van deze structuren aanzienlijk te 
verminderen. Echter, diepgaande kennis omtrent de 
(vermoeiings)eigenschappen van deze materialen in representatieve offshore-
omstandigheden (dit zijn zowel dynamische belastingen als uitdagende 
omgevingparameters zoals zout water) is nodig. Analyse van vermoeidheid 
speelt een sleutelrol in alle projectfasen van een staalconstructie (ontwerp, 
transport, installatie) en ook tijdens de uitbating ervan. Recent gepubliceerde 
literatuurstudies bevestigen de noodzaak om de materiaaldatabases in 
ontwerpcodes verder uit te breiden alsook om de beschikbare 
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ontwerpmethodieken verder te verbeteren en verfijnen. Belangrijke 
verbeterpunten zijn gerelateerd (maar niet beperkt) aan: ontwikkeling van 
testmethoden die gericht zijn op versnelde karakterisatie van 
vermoeiingseigenschappen van nieuwe generaties staalsoorten; gebruik van 
niet-lineaire benaderingen voor het begroten van vermoeiingsschade met de 
bedoeling om het effect van belastingsspectra met variabele amplitude beter 
te kunnen begroten; kwantificeren van de invloed van de schaal van de 
proefstukken op de scheurgroeisnelheid en een beter inzicht in de interactie 
van corrosie- en vermoeidheidsproblemen. 
In dit werk wordt allereerst aandacht besteed aan een kritische interpretatie 
en vergelijking van ontwerpcodes voor vermoeiing met het oog op de 
identificatie van verbeterpunten. Deze studie vormde de basis en motivatie 
om het werk te concentreren op de ontwikkeling van testmethoden en -
opstellingen voor versnelde evaluatie van vermoeiing. Deze moeten toelaten 
om een beter inzicht te verkrijgen in de volgende onderwerpen: 
- Bepaling van de vermoeiingslimiet en de gehele S-N kromme gebruik 
makend van meerdere instrumentatietechnieken en een beperkt aantal 
proefstukken. 
- Interactie-effecten die optreden tijdens experimenten met variabele 
amplitude van de aangelegde spanningsintensiteitsfactoren. 
- Schaaleffecten die niet (of zeer beperkt) beschouwd worden in 
ontwerpcodes voor vermoeiing. 
- Versnelde experimentele schatting van het corrosie-vermoeiingsproces. 
Hieronder wordt een beknopte samenvatting gegeven van elk van deze 
onderwerpen. 
Een nauwkeurige schatting van de gehele S-N kromme speelt een 
belangrijke rol in het vermoeiingsontwerp. Experimentele methoden die 
traditioneel hiervoor gebruikt worden, zijn zeer tijdrovend. In de afgelopen 
jaren is de toepassing van infrarood (IR) technologie voor versnelde evaluatie 
van vermoeidheidsschade toegenomen. Deze technologie is echter niet altijd 
inzetbaar door gebrek aan ruimte of toegankelijkheid van het medium voor 
infrarode straling. Voor dergelijke omstandigheden is aangetoond dat de 
elektrische potentiaalval techniek kan aangewend worden voor de 
beoordeling van scheurinitiatie en –propagatie. Zowel de meer conventionele 
infrarood-gebaseerde en de nieuwe potentiaalval-gebaseerde technieken 
werden gebruikt om de vermoeiingslimiet van twee HSLA-staalsoorten op een 
effectieve en efficiënte manier te bepalen. De resultaten van beide methoden 
toonden een zeer goede correlatie. 
Conventioneel wordt een belastingsspectrum met wisselende 
spanningsamplitudes gereduceerd tot een reeks blokken bestaande uit cycli 
met constante spanningsamplitude. De variaties in belastingsblokken 
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genereren niet-lineaire transiënten in scheurgroeisnelheid, d.w.z. versnelling 
of vertraging van de scheurgroei. In de meeste ontwerpcodes worden deze 
effecten genegeerd en gebruikt men een lineaire beoordeling  van 
schadeaccumulatie om de levensduur te schatten. Zowel onderschatting als 
overschatting van levensduur kan belangrijke implicaties hebben; in het 
laatste geval bijvoorbeeld grote kosten door een niet-economische planning 
van onderhoudsintervallen op basis van een breukmechanica-gebaseerde 
beoordeling. Om het effect van variaties in blokbelasting te onderzoeken, is 
een experimentele studie uitgevoerd waarbij gekerfde proefstukken 
onderworpen werden aan verschillende blokbelastingsschema's met 
veranderingen in ΔK vergelijkbaar met die welke verwacht worden voor een 
structuur die in de Noordzee-omgeving werkt. Deze studie werd uitgevoerd 
op twee staalsoorten gebruikt in offshore constructies. Vertraging van 
scheurgroei is hierbij aangetoond voor zogenaamde hoog-laag sequenties, dit 
zijn belastingsschema’s met blokken met discreet dalende 
belastingsamplitudes. Dit effect was het meest uitgesproken voor grotere 
sprongen in spanningsamplitude en lagere ΔK waarden. In het meest 
uitgesproken geval, leidde dit zelfs tot het stoppen van de scheurgroei. 
Ontwerpkrommen (S-N) voor vermoeiing worden typisch afgeleid door het 
testen van kleinschalige en genormeerde proefstukken. Correctiefactoren 
worden toegepast om rekening te houden met verschillen in dikte en lasdetail. 
Echter, de evolutie in scheurgroei vastgesteld in buisvormige elementen is 
complex en het is niet helemaal duidelijk of dit nauwkeurig kan worden 
weergegeven door kleinschalige proefstukken te testen. Grootschalige 
vermoeiingsproeven hebben tot doel om het vermoeiingsgedrag op een meer 
realistische manier te karakteriseren. Het uitvoeren van dergelijke 
experimenten is echter erg duur. Vandaar dat een middelgroot proefstuk, 
onder de vorm van een strip ontnomen uit een pijp, is ontworpen. Dit 
proefstuk heeft dus dezelfde kromming en dikte als de pijp waaruit het is 
vervaardigd; een kerf met de vorm van een halve cirkel wordt centraal in het 
proefstuk aangebracht. Op deze manier laat dit proefstuk toe om de meeste 
schaaleffecten in rekening te brengen. Bovendien kan het worden getest in 
conventionele proefstanden aan vrij hoge frequenties. Door de 
overeenkomstige da/dn-ΔK-krommen van zowel kleine als middelgrote 
proefstukken te vergelijken, was het mogelijk om te concluderen dat 
kleinschalige genormeerde proefstukken de scheurgroeisnelheid overschatten. 
Daarnaast werden methodieken voorgesteld die toelaten om eigenschappen 
bekomen op basis van kleinschalige proefstukken te gebruiken om 
grootschaliger componenten te beoordelen. 
De corrosieve aard van het mariene milieu is een belangrijke factor die moet 
worden meegenomen tijdens het vermoeiingsontwerp van offshore-
structuren. Daarbij moeten S-N-krommen worden opgesteld in (nagenoeg) 
echte belastings- en omgevingscondities, hetgeen zeer tijdrovend zijn. Er 
wordt verondersteld dat als het corrosieproces versneld kan worden met 
Preface  xii 
 
x 
ongeveer dezelfde snelheid als de vermoeiingsfrequentie, de testtijd sterk kan 
worden verminderd. Het versnellen van corrosie is mogelijk door het 
aanpassen van fysieke en/of elektrochemische eigenschappen die bij de 
redoxreacties betrokken zijn. In dit onderzoek werd de eerste optie gekozen. 
Gebaseerd op een literatuuronderzoek werden de temperatuur van het 
zeewater en de hoeveelheid opgeloste zuurstof als de meest bepalende 
invloedsparameters geselecteerd. Beproevingsscenario's met verschillende 
combinaties van zeewater-temperatuur en opgelost zuurstofniveau werden 
gedefinieerd. Overeenkomstige S-N-krommen zijn geconstrueerd voor twee 
HSLA staalsoorten ondergedompeld in natuurlijk zeewater. De potentiaalval-
gebaseerde techniek werd gebruikt om de schadeontwikkeling voor alle 
geteste scenario's te kwantificeren. Daarnaast werd een referentie S-N-
kromme opgesteld voor een proefstuk ondergedompeld in zeewater bij een 
temperatuur en frequentie representatief voor de Noordzee. Vergelijking van 
de experimentele resultaten gaf aan dat een gemiddelde versnelling van het 
corrosie-ondersteunde  vermoeiingsproces van ongeveer 80% kon worden 
verkregen. 
Een aantal toekomstige onderzoeksmogelijkheden werden als volgt 
geïdentificeerd. Het experimentele onderzoek naar een ruimere reeks 
invloedsparameters, zoals de R-waarde (verhouding van minimale tot 
maximale spanning), randomisatie van het belastingsspectrum en de 
kwantificering ervan, verschillende temperatuursbereiken en 
potentiostatische analyse. Extra aandacht moet worden besteed aan de analyse 
van lasdetails, aangezien deze een zwak punt vormen in echte structuren. Een 
andere uitdaging is het nabootsen van reële belastingsspectra in 
laboratoriumproeven. Laatste aandachtspunten zijn het effect van corrosie en 
waterstofverbrossing die door micro-organismen worden geproduceerd, en 
het onderzoek van hybride materiaalverbindingen voor mariene toepassingen. 
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Symbols and acronyms 
Symbols 
2c crack width      [mm] 
γ plastic constraint factor     [-] 
Δσ stress range      [MPa] 
Δσirrev irreversible stress range     [MPa] 
ΔσirPD irreversible stress by Potential Drop Method  [MPa] 
ΔσirTM irreversible stress by Infrared Method   [MPa] 
Δω frequency band      [Hz] 
ΔK stress intensity factor     [MPa(m)1/2] 
ΔKth threshold stress intensity factor    [MPa(m)1/2] 
ΔKa SIF at the deepest point on the crack front   [MPa(m)1/2] 
ΔKc SIF at the ends of the crack    [MPa(m)1/2] 
ΔTs stationary temperature increment    [°C] 
ΔTsi stationary temperature at ith stress range   [°C] 
ΔVs stationary voltage increment    [V] 
σfl fatigue limit obtained by the traditional method  [MPa] 
σflPD fatigue limit obtained by the Potential Drop method [MPa] 
σflTM fatigue limit obtained by the Infrared method  [MPa] 
σOP crack tip opening stress     [MPa] 
σUTS material ultimate tensile strength    [MPa] 
σy material yield stress     [MPa] 
p empirical parameter (Wheeler’s model)   [-] 
Φ thermal increment to failure per unit volume  [°Cm-3] 
ΦR retardation parameter     [-] 
a crack length      [mm] 
ad  crack depth (notched component)    [mm] 
ad/c crack aspect ratio     [-] 
ad/t depth growth      [-] 
αi nonlinear model exponent    [-] 
B specimen thickness     [mm] 
Cm modified Miner’s parameter    [-] 
CPL crack growth rate coefficient material   [-] 
CPLA crack growth rate coefficient material A (DNV F460) [-] 
CPLB crack growth rate coefficient material B (DNV F500) [-] 
CSN material constant     [-] 
Preface  ix 
 
xxii
CSNCF material constant (corrosion investigation)   [-] 
D damage factor      [-] 
da/dn fatigue crack growth rate     [m/cycle] 
dad/dn fatigue crack growth rate (through thickness direction) [m/cycle] 
DO dissolve oxygen level     [mg/l] 
Dm monopile diameter     [m] 
f  loading frequency     [Hz] 
Fbm  beachmark force      [kN] 
Fmax  maximum cycling force     [kN] 
Fmin  minimum cycling force     [kN] 
HS significant wave height     [m] 
HST45 high stress transition range – seawater at 45°C  [MPa] 
HSTPD45 high tress transition range – PD analysis seawater at 45°C [MPa] 
HSTPD8 high tress transition range – PD analysis seawater at 8°C [MPa] 
k material constant     [-] 
KmaxBL maximum SIF baseline     [MPa(m)1/2] 
KminBL minimum SIF baseline     [MPa(m)1/2] 
KOL SIF overload      [MPa(m)1/2] 
LST45 low stress transition range – seawater at 45°C  [MPa] 
LSTPD8 low stress transition range – PD analysis seawater at 8°C  [MPa] 
LSTPD45 low stress transition range – PD analysis seawater at 45°C [MPa] 
mPLA crack growth rate exponent material A (DNV F460)  [-] 
mPLB crack growth rate exponent material B (DNV F500)  [-] 
mSN negative inverse slope of the S-N curve   [-] 
mSNCF negative inverse slope of the S-N curve (corrosion inv.) [-] 
n number of cycles     [-] 
nbm  beachmark number of cycles    [-] 
nbl  baseline number of cycles    [-] 
Nfl number of cycles corresponding to the fatigue limit  [-] 
Ni fatigue life at ith stress range    [-] 
NT total number of cycles     [-] 
Ps survival probability     [%] 
R stress ratio      [-] 
S(ω) energy related to an stochastic process   [x/Hz] 
SBL base line relative crack growth rate   [m/cycle] 
SOL overload relative crack growth rate   [m/cycle] 
t  material thickness     [mm] 
tm monopile structure thickness    [mm] 
TP peak period      [-] 
W specimen width      [mm] 
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Acronyms 
API American Petroleum Institute 
BS British Standard 
C(T) compact tension specimen 
CAF corrosion assisted fatigue 
CD crack depth 
CDM continuum damage mechanics 
CG clip-on gauge 
CGDF  crack growth deviation factor 
CMOD crack mouth opening displacement 
DA testing scenario where diffused air is injected to the electrolyte 
DCPD direct current potential drop 
DE damage evolution 
DNV Det Norske Veritas 
DOB degree of bending 
ESE(T) eccentrically-single-edge crack tension specimen 
ELL equivalent load line 
FCGR fatigue crack growth rate 
FDA frequency domain analysis 
FFT fast Fourier transform 
GW generalized Willenborg model 
HCF high cycle fatigue 
HDE high dissipated energy region 
HISC hydrogen induced stress cracking 
IFFT inverse fast Fourier transform 
IR infrared thermography 
ISO International Organization for Standardization  
KISCC stress corrosion cracking threshold 
M Miner’s model 
MHH maximum hub height 
MIC microbiologically influenced corrosion 
MM modified Miner’s model 
MW modified Wheeler’s model 
MWL mean water level 
OL overload 
OWT offshore wind turbine 
PD potential drop 
pH hydrogen potential 
PIIC plastic induced crack closure 
PSD power spectral density function 
SBL sea bed level 
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SCC stress corrosion cracking 
SG Strain gauge 
S-N stress life 
SIF stress intensity factor 
LDE low dissipated energy region 
LEFM linear elastic fracture mechanics 
TDA time domain analysis 
TBR  transition block ratio 
TLP tension Leg Platform 
UHCF ultra high cycle fatigue 
UL underload 
VA variable amplitude 
VHCF very high cycle fatigue 
WA weighted average model 
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1 Importance of fatigue in mechanical design 
Fatigue is a significant and often critical factor when designing components 
subjected to fluctuating load conditions. It is present in several industries such 
as automotive, aircraft and power plants [1.1]. A study of numerous industrial 
failures (see Fig. 1.1) has shown that 77% of failures are due to fatigue (58% 
simple fatigue + 8% low-cycle fatigue + 11% thermal fatigue, corrosion fatigue 
and contact rolling fatigue) [1.2]. The major part of the failures implied severe 
or total damage.                            
 
 
Some well-known historical serious damage cases attributed to fatigue are 
[1.3–1.5]: 
- Versailles train crash (France, 1842) 
- Truss bridge failure (Albert Canal, Belgium, 1940) 
- Fracture of ammonia, hydrogen and other harsh environment 
pressure vessels (USA, 1943-1945) 
- Fracture of an oil storage tank (Russia, 1947) 
- Capsizing of the drilling rig Alexander Kielland (North Sea, 1980) 
- Aloha Airlines flight canopy destruction (Maui island, 1988) 
- Helicopter service flight 451 (Norwegian Sea, 1997) 
- High speed train wheel fracture (Germany, 1998) 
- Collapse of oil tanker Prestige (Spain’s coast, 2002 - See Fig. 1.2) 
fatigue
77%
corrosion
4%
static fracture 
13%
stress corrosion cracking
6%
31
186
15
10
Fig. 1.1 Fatigue in mechanical failures in 
absolute and percentage values after [1.2] 
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As mentioned in [1.5], the importance of fatigue and fracture in the nuclear, 
pressure vessel, aircraft and aerospace industries cannot be overemphasized 
due to safety matters. In fact a big part of the early fatigue investigations were 
related to the transport sector. For this reason more knowledge on particular 
working scenarios and materials representative of these cases has been 
generated. It has to be highlighted that this know-how is not necessarily 
directly applicable to other industries and notwithstanding lots of research 
efforts have been made in the last century, the fatigue failure phenomenon is 
not yet completely understood. 
In recent years, with the increased international pressure in decreasing CO2 
emissions, renewable energies have gained lots of attention. Offshore 
constructions play a key role in the sustainable growth of such topic. These 
structures are subjected to cyclic loads due to the actions of waves, wind, 
currents and operational loads. Therefore they are by definition prone to 
failure due to fatigue. In fact, the fatigue assessment of support structures is 
one of the most significant in the design of offshore wind turbines [1.6]. 
However, as mentioned in the previous paragraph, the cumulative fatigue 
know-how from other industries is not necessarily applicable in this field.  This 
is because a difference in material, structural details, loading magnitude and 
frequency and environment can affect the dynamic response of the structure. 
Hence the structural fatigue behavior might also be altered. This motivated the 
need to check whether or not the former fatigue developments remain valid 
for actual offshore conditions bringing new possibilities for research and 
development in the field of fatigue design and testing. 
 
Fig. 1.2 Collapse of oil tanker Prestige [1.26] 
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2 Offshore wind energy market position 
The offshore wind industry is, year after year, subjected to a tremendous 
expansion in both geographical deployment and installed capacity terms. In 
2010 wind farms were already operating in concentrated zones of up to 20 km 
from shore and in water depths of up to 20 meters [1.7]. Recent offshore wind 
projects were deployed in concentrated zones of up to 100 km from shore and 
in water depths of up to 40 meters.  
As concerns capacity,  the cumulative installed energy capacity in Europe 
by the end of 2016 is shown in Fig. 1.3. So far the UK, Germany, Denmark, 
Belgium and the Netherlands are the major European players. In general, 
Europe is expected to continue dominating the global offshore wind industry 
with 48.7% wind offshore production energy of the total production by 2030, 
and a total installed capacity of 150000 MW (13.9% of total EU electricity 
demand) with an annual investment of €17 billon [1.7]. As reported in [1.8], 
during 2016, 1558MW of new offshore wind power capacity was connected to 
the grid in Europe. This addition brings a total installed capacity of 12631 MW. 
Moreover during 2016, 339 new turbines were grid-connected. 11 projects, 
worth €18.2bn, reached final investment decision, a 39% increase over 2015. 
This represents 4948 MW of new capacity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Germany
32.5%
Netherlands
8.8%
Belgium
5.6%
Denmark
10.1%
UK 
40.8%
Others
2.2%
5156
4108
264
1118
712
1271
Future offshore wind energy projects will be realized in deeper and 
further waters (zones of up to 120 km from shore and in water depths of 
up to 50 meters) [1.27]. Of course this brings new challenges associated 
to the application of deep sea technologies to this industry. 
Fig. 1.3 Cumulative installed capacity [MW] of offshore wind 
energy in Europe by end 2016 [1.8] 
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1EWEA – European wind energy association 
 
According to an Agoria publication of 2012, a total of 6040 employees were 
active within this segment in Belgium, the vast majority of which (58%) is 
related to materials and components production. By 2020 this figure is 
expected to grow to 13000. Over the next 10 years, the wind-energy segment 
in Europe is expected to consume an average of 1.5 million tons of steel per 
year, which accounts for a total material cost of 900 million euro per year. New 
generations of steel grades are being introduced in offshore structures, which 
implies a reduction in material weight and energy consumption [1.9]. Progress 
in the field of corrosion and fatigue will lead to more efficient material use 
which will bring huge economic benefits. 
 
3 Typical offshore structural configurations 
According to the last EWEA1 report [1.8], monopile substructures are the 
most common configuration amongst those used in the European wind 
industry (see Fig. 1.4). Actually they are frequently used worldwide [1.10, 1.11]. 
Gravity based support structures, jacket and tripods were also implemented 
in this industry. 
 
 
 
 
 
 
Gravity
7.5%
Tripiles
1.9%
Tripods
3.2%
Jacket
6.6%
Monopile
80.8%
Floating
0.02%
3354
313
1
80 132
272
Fig. 1.4 Share of substructure types for wind turbines in 
Europe by end 2016 [1.8] 
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The selection of a particular type depends on different factors such as water 
depth, sea bed conditions, costs and loading conditions (among others) [1.12]. 
As shown in Fig. 1.5, floating structures are used for deep waters. If the 
market trend towards further and deeper waters is accomplished, it is 
expected that new generation tension leg platforms (TLP), semi-submersible 
and spar buoy platforms will be installed. For wind energy generation this will 
bring additional challenges during transport and installation stages [1.13]. On 
top of that some effort is being done in order to develop new types of floating 
structures that combine the benefit of the previous mentioned configurations 
[1.14]. 
 
4 Challenges in the fatigue design of offshore structures 
Offshore steel structures (platforms, wind turbines, etc.) are commonly 
assembled of tubular members because their sections provide simplicity of 
shape, buoyancy, high torsional rigidity, minimum surface for painting and 
corrosion attack, and result in smaller hydrodynamic forces than members 
with square cross-sections [1.15]. The entire structure is subjected to a dynamic 
spectrum of loads due to waves, currents and wind. 
 
 
 
 
 
Fig. 1.5 Offshore substructures as they are used in different water depths [1.28] 
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Fatigue life assessment based on the assumption of linear damage 
accumulation (Miner’s rule) for block loading sequences is open to many 
objections [1.16, 1.17]. The sequence and interaction of events (loading 
sequences with different amplitudes) may have major influences on the rate of 
damage accumulation. Experimental evidence [1.1, 1.18, 1.19] indicates that 
there is a difference in damage accumulation among constant, random and 
ordered block loading sequences. Even though the linear damage rule ignores 
these effects, it is most widely used because of its simplicity. 
The design curves considered for the fatigue design of offshore structures 
have been assessed based on testing small scale laboratory specimens. A 
correction factor is applied to account for differences in thickness and weld 
geometry [1.20, 1.21]. However crack growth behaviour in tubular elements is 
complex and it is not totally clear if this can accurately be represented by 
testing small-scale coupons. Large scale fatigue tests aim to characterize the 
fatigue behaviour in a more realistic manner. However conducting such tests 
is very expensive. 
Environmental factors play a fundamental role in the fatigue behavior of 
steels. A clear example is the effect of (seawater) corrosion which is known to 
reduce fatigue life. Its effect is mainly present in the crack initiation life due to 
the formation of corrosion pits [1.16, 1.22]. Fatigue life reductions by a factor 3 
up to 5 and elimination of the fatigue limit have been reported [1.5, 1.22]. 
Although the interaction of fatigue and corrosion has been studied since the 
1920s, there is still no explanation of many effects observed. As a consequence, 
design standards limit the use of high strength steels in a corrosive 
environment by introducing (over)conservative safety factors reducing the 
assumed fatigue endurance. 
In addition to the previously mentioned challenges, it has to be highlighted 
that a big part of the available material properties (including those 
recommended in design codes) are somewhat outdated [1.23].  The use of 
high-strength low-alloy (HSLA) steels is being increased due to their 
advantageous load/weight ratio [1.24]. These materials have good corrosion 
resistance and better mechanical properties than conventional structural 
Among others the inclusion of new generation high-strength low-
alloy steels in the offshore market, the response of the structure to 
variable amplitude loading, scale effects derived from the use of small 
size coupons for the determination of material properties for structural 
design and the interaction of fatigue and environmental degradation 
have been mentioned as major challenges by recent reviews (based on 
100s of papers) of the state-of-the-art in fatigue life prediction [1.29–
1.31]. 
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carbon steel, but present challenges with respect to welding and hydrogen 
embrittlement.  
Notwithstanding numerical simulation has evolved exponentially, 
experimental studies remain to play a key role in the understanding of 
influential effects on fatigue and to rank materials or design features as 
function of fatigue life. In other words, to include a new generation of steel 
grades (and other material types) in the design codes, lots of testing efforts are 
still needed. New data necessitates possibly very long testing times and 
therefore rapid testing methodologies are of major interest. 
 
5 Aim and scope 
This work aims to develop testing methodologies to better understand those 
complex but real situations where regular fatigue life estimation is modified 
by: 
 the application of variable amplitude loads 
 the inclusion of different types of scale effects 
 the presence of interaction between material and environment 
Additionally, different approaches for reduction of the testing time were 
acquainted and further developed.  With this, both traditional “laboratory” 
and alternative “close to real conditions” fatigue tests can be carried out with 
a significant reduction of the testing time.  
Elaborated research on these topics will allow the creation of robust testing 
tools to include new generation materials in the design codes in a much faster 
way.  
Furthermore, a clearer understanding of the combination of the previous 
mentioned damage mechanisms will allow to increase the efficiency of the 
design rules by including for example standardized non-linear damage 
models and coupled corrosion-fatigue assessment approaches in the design 
codes. 
This project is focused on, but not limited to, materials and conditions 
representative for offshore industry. The developed and optimized 
instrumentation techniques should be considered as “preliminary” and the 
obtained results should not be used for design purposes. 
Some of the developments of this work complement an ongoing SIM project 
(MADUROS program [1.25]). As a matter of fact the obtained results will help 
to calibrate the numerical models developed in the framework of that project. 
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6 Thesis overview 
Chapter 1 introduces the importance of fatigue in the industry and 
furthermore in offshore applications. Then focus is made on the fast 
development of the offshore wind industry and the description of the most 
common types of structural configurations for this applications. After this, the 
major challenges in the fatigue design of these structures are mentioned and 
finally the aim and scope of this work are described. 
Chapter 2 explains the physics of the fatigue process. Then an introduction 
to scale effects is given and the loading history and corrosion influences on the 
fatigue damage estimation are described. Finally, limitations of some offshore 
fatigue design standards related to these matters are highlighted. 
Chapter 3 introduces the instrumentation techniques employed during 
fatigue experiments. Next, this chapter includes a state-of-the-art of each 
particular instrumentation technique used in the experiments performed in 
this work. 
The static and fatigue properties of the two HSLA steels tested during this 
project are discussed in chapter 4. 
A modified procedure to obtain the fatigue limit and the S-N curve with a 
limited number of tests using both infrared thermography and potential drop 
techniques is described in chapter 5. 
Variable amplitude fatigue is investigated in chapter 6 by means of 
dedicated block loading tests. 
Chapter 7 digs deeper in the development of a medium scale specimen 
which can account for scale effects in a more realistic way. 
Corrosion-fatigue is investigated in chapter 8. A device developed for 
controlled environmental fatigue analysis is described. Preliminary test results 
are also included in this chapter. 
Finally, conclusions and an outlook for future work are reported in chapter 
9. 
 
 
 
 
 
Chapter 1  1.11 
 
  
7 References 
[1.1]  Schijve J (2009) Fatigue of Structures and Materials. 
ISBN:9781402068072.  
[1.2]  International ASM (1996) ASM Handbook Vol. 19 Fatigue and fracture. 
ISBN:978-0-87170-385-9.  
[1.3]  Richard HA, Sander M (2016) Solid mechanics and its applications: 
Fatigue crack growth. ISBN:9783319325347. Springer 
[1.4]  Graham B, Reilly WK, Beinecke F, et al (2011) Deep water: The Golf oil 
disaster and the future of offshore drilling. ISBN:9780160873713.  
[1.5]  Farahmand B, Bockrath G, Glassco J (1997) Fatigue and fracture 
mechanics of high risk parts. Application of LEFM & FMDM theory. 
ISBN:9781461377535.  
[1.6]  Long H, Moe G (2012) Preliminary design of bottom-fixed lattice 
offshore wind turbine towers in the fatigue limit state by the frequency 
domain method. J Offshore Mech Arct Eng 134:31902. 
[1.7]  EWEA (2011) Wind in our sails, the coming of Europe’s offshore wind 
energy industry. Report by EWEA.  
[1.8]  EWEA (2017) The European offshore wind industry - key trends and 
statistics 2016. Report by EWEA.  
[1.9]  Razmjoo R (2008) Reducing costs offshore - Case study 143 TWI.  
[1.10]  Kallehave D, Byrne BW, LeBlanc Thilsted C, Mikkelsen KK (2015) 
Optimization of monopiles for offshore wind turbines. Philos Trans A 
Math Phys Eng Sci. doi: 10.1098/rsta.2014.0100. 
[1.11]  Byrne B, Houlsby G (2003) Foundations for offshore wind turbines. 
Philos Trans R Soc A Math Phys Eng Sci 361:2909–2930. 
[1.12]  Miñambres OY (2012) Assessment of current offshore wind support 
structures concepts – challenges and technological requirements by 
2020. A dissertation submitted to the Karlshochschule International 
University for the degree of Master of Science. Karlshochschule 
International University. 
[1.13]  Amate J, Sanchez GD, Gonzales G (2016) Development of a Semi-
submersible Barge for the installation of a TLP floating substructure. 
TLPWIND ® case study. J Phys. doi: 10.1088/1742-6596/749/1/012016 
[1.14]  Ding H, Han Y, Zhang P, et al (2016) Dynamic analysis of a new type 
of floating platform for offshore wind turbine. ISOPE I-16-212.  
 
1.12   Research context and motivation  
 
[1.15]  Almar-Naess A (1985) Fatigue Handbook: Offshore Steel Structures. 
ISBN:108251906628.  
[1.16]  Zhang Y, Maddox S (2012) Fatigue testing of full-scale girth welded 
pipes under variable amplitude loading. OMAE2012-83054.  
[1.17]  Schütz W (1995) A history of fatigue. Eng Fract Mech 54:263–300. 
[1.18]  Zhang Y, Maddox S (2009) Investigation of fatigue damage to welded 
joints under variable amplitude loading spectra. Int J Fatigue 31:138–
152. 
[1.19]  Berger C, Eulitz KG, Heuler P, et al (2002) Betriebsfestigkeit in 
Germany - An overview. Int J Fatigue 24:603–625. 
[1.20]  DNV (2016) DNV-RP-C203 - Fatigue design of offshore steel structures.  
[1.21]  BS (2014) BS 7608 - Fatigue design and assessment of steel products.  
[1.22]  Palin-Luc T, Pérez-Mora R, Bathias C, et al (2010) Fatigue crack 
initiation and growth on a steel in the very high cycle regime with sea 
water corrosion. Eng Fract Mech 77:1953–1962. 
[1.23]  Adedipe O Integrity of offshore structures. A dissertation to obtain the 
degree of. doi: 10.1017/CBO9781107415324.004 
[1.24]  Bond S (2003) Corrosion of welded components in marine 
environments. Prev. Manag. Mar. Corros. Conf.  
[1.25]  http://www.sim-flanders.be/research-program/maduros.  
[1.26]  http://archipelago.gr/en/our-work/marine-conservation/shipping-
risks/.  
[1.27]  EWEA (2016) The European offshore wind industry - key trends and 
statistics 2015. Report by EWEA.  
[1.28]  EWEA (2013) Deep water: The next step for offshore energy. Report by 
EWEA.  
[1.29]  Horn A, Aihara S, Biot M, et al (2009) Fatigue and fracture. 17th Int. Sh. 
Offshore Struct. Congr. (ISSC 2009).  
[1.30]  Horn A, Aihara S, Biot M, et al (2012) Fatigue and fracture. 18th Int. Sh. 
Offshore Struct. Congr. (ISSC 2012).  
[1.31]  Maddox S (2003) Key developments in the fatigue design of welded 
constructions. ISSNl00432288. Weld World 7–40. 
 
  
Fatigue in offshore 
structures 
 
  
2.2   Fatigue in offshore structures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
<< This page intentionally left blank >> 
  
Chapter 2  2.3 
 
1 Fatigue process 
1.1 Stages in the fatigue process 
The description of the fatigue process resulting from repeated loading is 
complex. Cracking is an essential part of the fatigue damage starting with 
microcracking and followed by macrocracking. This includes crack tip 
plasticity, local strain hardening in the crack tip zone, residual stresses around 
the crack tip and for notched specimens also macroplasticity at the root of the 
notch [2.1]. In general, the fatigue process can be divided in four different 
stages: 1) crack nucleation; 2) short crack propagation; 3) long crack 
propagation and 4) unstable crack propagation. Usually the first and second 
stages are referred to as 'crack initiation', the third stage as 'crack propagation' 
and the last one as 'fracture' (see Fig. 2.1). 
Cracks originate at regions subjected to high stress concentration due to e.g. 
roughness, porosities, impurities and discontinuities (Fig. 2.2a). 
 
Fig. 2.1 Definition of the fatigue lifetime stages 
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Fig. 2.2 Fatigue crack nucleation process [adopted from 2.83] 
a
original 
surface
b c
dcyclic 
loading
2.4   Fatigue in offshore structures 
 
 In these regions (normally at the surface or grain boundaries) a localized 
shear plane is developed (Fig. 2.2b).  
While the specimen is  subjected to cyclic loads, slip bands are created (Fig. 
2.2c). The back and forth movement of the slip bands induces the fraction of 
the material above the shear plane to be forced to the outside of the surface 
(extrusion) and the fraction below the shear plane to be forced to the inside of 
the surface (intrusion), (Fig. 2.2d). This stage is known as the very first part of 
the fatigue process and is called crack nucleation. 
After a nucleation region is developed, a small crack will grow along the 
plane of maximum shear stress and through the grain boundary (Fig. 2.3a). 
Since the length of the crack during this stage is normally defined to be in the 
order of a couple of grains [2.2], this stage is defined as short crack propagation 
(see Fig. 2.3b). As mentioned above, the combination of these two stages is 
known as crack initiation period. 
When the new crack length has become longer than a couple of grains, the 
long crack propagation (or just crack propagation) stage begins (see Fig. 2.3b). 
From this point on, the crack will tend to grow perpendicularly to the plane of 
principal tensile stress. 
Short crack propagation is characterized by a discontinuous growth rate 
due to crack path changes evidenced when phase and grain boundaries are 
encountered [2.3]. As a longer crack is developed, the influence of local 
features (e.g. surface roughness) decreases and the crack growth rate tends to 
increase sustainably. The long crack growth process is explained by means of 
the crack tip plastic slip mechanism as follows [2.4]. 
 
Fig. 2.3 a) Detail of the initiation region and b) Schematic of short and long 
fatigue crack propagation processes 
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During loading, crack tip blunting occurs and slip bands originate (Fig. 2.4a). 
When unloading starts, closure of the crack occurs. However the previous 
plastic deformation is not totally recoverable. Upon unloading the blunted 
crack tip is squeezed and a new surface with a sharp notch is created ahead 
the former crack tip. This entire process leads to crack growth and striation 
formation (see Fig. 2.4b and white lines in Fig. 2.4c). 
Notwithstanding the total fatigue lifetime of a component will be composed 
of the three previously mentioned stages, fatigue assessment may only focus 
on one of them, for example the crack propagation stage. This is for example 
the case for a remaining life estimation of a cracked component. 
1.2 Fatigue design philosophies 
The first step in any fatigue assessment is to define the design basis. Two 
approaches are normally analysed, “safe life” and “damage tolerant”. The first 
assumes that the component is free of cracks. It is therefore applicable to the 
design of structural elements where such situation could rapidly lead to failure 
and/or maintenance is not possible. It includes all fatigue damage stages. In 
general terms, if high stresses are applied to the component under evaluation, 
a short fatigue life is expected. Low cycle fatigue (lifetime of up to 104 cycles) 
is used in that case. Since this is related to a high degree of local plastic 
deformation, a strain based analysis is needed. Opposite, if low stress 
amplitude is applied, a long fatigue life is expected. A lifetime in between 104 
and 107 cycles is referred to as high cycle fatigue, between 107 and 108 as very 
high cycle fatigue and higher than 108 as ultra-high cycle fatigue. In these cases 
 
Fig. 2.4 a,b) Fatigue crack propagation due to crack tip plastic slip mechanism 
and c) SEM image with fatigue striations 
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fatigue life is estimated by means of a stress based approach. A schematic 
representation of this classification can been seen in Fig. 2.5. 
The intended life of an offshore structure is within the high and very high 
cycle fatigue boundaries. Therefore the mentioned fatigue strain (ε-N) 
approach and ultra-high cycle fatigue analysis will not be presented in this 
work. 
Damage tolerant approaches assume that flaws can be present in any 
structure and grow during use. The structure must resist this condition until 
the crack is detected and repaired. 
1.2.1 Endurance approach 
As mentioned above, the endurance or stress approach is used for the 
fatigue design of components subjected to elastic cyclic stresses. The relation 
stress-lifetime is described with S-N curves with S the stress range (defined as 
Δσ in this thesis) and N the number of cycles to failure (see Fig. 2.6). 
Evidently, the lower the applied stress range the longer the fatigue life.  
 
 
Fig. 2.5 Fatigue lifetime classification according to the number of cycles up 
to failure 
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Fig. 2.6 Schematic representation of an S-N curve 
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Particularly for steel, constant stress range (Δσ) and inert environment a 
fatigue or endurance limit is normally expected. Theoretically the fatigue limit 
is defined as the minimum stress range below which no damage is produced. 
Conventionally, this parameter is obtained at a fixed lifetime (Nfl - typically in 
the order of magnitude of 106-107 cycles) and thus corresponds to the fatigue 
strength at a predefined number of cycles. However it is meanwhile known 
that in the very high cycle fatigue (VHCF) regime (beyond 107 cycles) for 
variable amplitude cyclic loading (VA) or for fatigue in a corrosive 
environment, fatigue failure can occur at stress ranges below the classical 
fatigue limit [2.5, 2.6]. For these situations, a bi-linear curve in logarithmic scale 
is normally advised. 
The general equation that describes the S-N curve is normally presented in 
its logarithmic form: 
݈݋݃ሺܰሻ ൌ ݈݋݃ሺߜሻ െ ݈݉݋݃ሺ߂ߪሻ																																																																																	ሺ2.1ሻ 
where:    
 N= predicted number of cycles to failure for stress range ∆σ 
 ∆σ = stress range 
 m = negative inverse slope of S-N curve  
 log(ߜ) = intercept of log N-axis by S-N curve 
Design codes give the parameters m and log(ߜ) for different geometrical 
configurations, environments and materials. 
If necessary, the S-N curve should be modified to take into account 
particular environmental effects, material thickness, weld improvement 
methods, etc. 
In principle the use of the S-N curve is simple. Given a certain stress range 
(Δσi), one can obtain the number of cycles up to failure (Ni) or vice versa (see 
Fig. 2.6). In most cases, the load history follows variable patterns (variable 
amplitude loads). The typical assessment for variable amplitude consists on 
the application of Miner’s rule.  This approach is based on a linear relation 
between the fatigue damage and the cycle ratio (ni/Ni) where ni is the actual 
number of cycles and Ni the maximum number of cycles for the stress range of 
interest Δσi. It is assumed that the fatigue performance is satisfactory if (see Fig. 
2.7): 
ܦ ൌ ݊ଵ
ଵܰ
൅ ݊ଶ
ଶܰ
൅ ⋯൅ ݊௜
௜ܰ
ൌ෍݊௜
௜ܰ
൏ 1																																																																													ሺ2.2ሻ 
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1.2.2 Linear elastic fracture mechanics approach 
Some codes allow the use of fracture mechanics based calculations as 
supplement to the S-N approach in order to define the acceptability of defects 
and to perform parametric studies. 
This approach assumes that a flaw may be idealized as a sharp tipped crack 
which propagates according to the Paris-Erdogan law [2.7]: 
݀ܽ
݀݊ ൌ ܥ௉௅∆ܭ
௠ುಽ																																																																																																												ሺ2.3ሻ 
The left term of this equation is the propagation of the crack depth with the 
number of cycles and the right term is the compound of two material constants 
and the variation of the stress intensity factor which is defined as: 
∆ܭ ൌ ܻ∆ߪ√ߨܽ																																																																																																															ሺ2.4ሻ 
Y is a shape factor accounting for specimen and crack geometries. Fig. 2.8 is 
a graphical representation of a typical fatigue crack growth curve. Three 
regions are distinguished. The minimum value under which no crack will 
propagate is defined as the threshold stress intensity factor range ሺ∆ܭ௧௛ሻ. 
 
Fig. 2.7 Schematic illustration of Miner’s rule 
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Region I is known as the initiation stage for which the upper boundary is 
defined when the crack propagation rate achieves a stable level. The crack 
growth rate (on a double logarithmic diagram) evolves linearly during the 
entire stage II (stable propagation phase). At a certain moment, crack growth 
acceleration is evidenced, establishing the lower limit of the stage III known as 
the critical propagation phase. The curve finally ends when the critical fracture 
toughness value of the material (Kc) is achieved, resulting in total failure of the 
component. Acceptability of a crack of initial size a0, will then depend on 
whether the calculated cyclic life is longer or shorter than the required life. 
The Paris-Erdogan law only describes the stage II of the fatigue crack 
growth behaviour. Other approaches like for example the Forman-Mettu [2.8] 
or Weertman [2.9] equations intend to describe the entire curve. However, it 
is often sufficient to assume that the central portion applies for all values of 
ΔK (from ΔKth up to failure). 
From the previous equations it is possible to estimate the remaining life of 
a cracked component as: 
ܰ ൌ න 1ܥ௉௅∆ܭ௠ುಽ ݀ܽ																																																																																																									ሺ2.5ሻ 
The concept of linear summation can also be applied here. The typical 
approach is based on defining a critical crack length and obtaining the number 
of cycles needed to achieve it (Ni) for each stress intensity factor range	ሺ∆ܭ௜ሻ 
determined on the basis of a cycle counting analysis. 
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 Fig. 2.8 Crack growth behaviour curve (after [2.84]) 
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An effective stress intensity factor range can be defined as: 
 ∆ܭ௘௙௙ ൌ ∑ ௡೔ே೔ 	∆ܭ௜																																																																																																												ሺ2.6ሻ 
With ni the counted number of cycles corresponding to each stress intensity 
factor range. 
2 Understanding variable amplitude fatigue 
2.1 Load dependency and interaction effects 
As explained above, fatigue life is divided in three stages, crack initiation, 
crack propagation and fracture. From a fatigue assessment point of view the 
first two stages are of main relevance. These phases are loading dependent and 
therefore a change in the load level also means a change in the damage factor 
(D) which characterizes the reduction (or extension) of the fatigue life. This is 
known as the load effect or load dependency. Fatigue damage variations are 
also dependent on the fatigue damage condition of the material as caused by 
previous cycles. In other words, how the crack has grown from its initiation 
until its actual dimension. These effects are called interaction effects. 
An example of interaction effects can be seen in Fig. 2.9, where the 
comparison of the crack growth in a constant amplitude (CA) test and in a test 
with introduction at three different moments of a secondary load block with a 
lower load range is displayed. Following the transition of a higher to a lower 
amplitude, the crack growth is retarded. After a certain number of cycles, both 
curves are again parallel to the original one and the crack growth rate is no 
longer delayed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Crack length, a
[m]
Cycles, n
a0
CA crack growth
High-Low transitions
 Fig. 2.9 Crack growth retardation after transitions from
a high amplitude to a lower amplitude level (after [2.1])
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 The complexity of spectra derived from on-site measurements encouraged 
researchers to develop test programs that are as representative of the reality as 
possible but with high repeatability and a relatively simple mathematical 
description. Soon the results of these simplified programs showed a high 
variety of results depending on the load sequence. To better understand these 
differences, simplified sequences of loads have been defined (see Table 2.1). 
These sequences can be splitted up in three main categories: random service 
load, single over- or underloads and block loading. Table 2.1 graphically 
shows the difference between these categories which are briefly described in 
Table 2.1 Overview of VA loading histories and their effects on the crack   
11growth rate [2.18] 
 
OL-Overloads / UL-Underload
Loading type Sequence type Representation Effect Reported Materials
Random 
loading
Spectrum Undefined Ti and Al alloys
Single OL Retardation
Ti and Al alloy, SS, 
structural and vessels steels
Sequence of OL's Retardation 
(higher than OL)
Al alloy, structural and 
vessels steels
Periodic sequence of 
OL's
Retardation or 
acceleration
AL alloy, structural and 
vessels steels
Single UL Acceleration AL alloy, structural and 
vessels steels
Sequence of UL's Retardation Low carbon steel, Ti and Al 
alloys
Periodic sequence of 
UL's
Acceleration AL alloy, structural and 
vessels steels
OL-UL
UL-OL
Periodic OL-UL
Periodic UL-OL
Low-high Ti and Al alloys, Structural 
steel
High-low
Stainless steel, Al alloy, 
structural and vessels steels
Low-high-low Ti and Al alloys, Structural 
steel
Retardation
Retardation
Ni-Cr and low carbon steel
Low carbon steel
Block loading Retardation or 
acceleration
Simple 
loading
The fact that structures and components are subjected to variable 
amplitude cyclic loads highlights the need for a deeper understanding 
of load and interaction effects.  
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the following sections motivated by the worked carried out by Skorupa [2.10] 
et al. 
2.1.1 Service spectra in different industrial sectors 
A lot of research has been performed with respect to the simplifications that 
might be applied to complex measured spectra, without affecting the 
experimentally predicted fatigue life. Several standardized spectra have been 
developed or proposed for different industrial sectors. Schijve [2.11, 2.12] has 
done extensive research to the effect of a change in a flight-simulation load 
spectrum on the fatigue crack growth rate (FCGR). In these studies, the gust 
dominated spectrum TWIST and the manoeuvre-dominated spectrum 
FALSTAFF have been investigated. Another standardized load spectrum 
called CARLOS describes the load time history for several automotive parts. 
FELIX is a standard used for the load spectrum of helicopter blades. FELIX/28 
serves the same purpose, but the spectrum has been reduced for a more 
beneficial testing time. WISPER has been designed to describe the load 
spectrum of wind turbine blades and WASH I focuses on the loading 
conditions for offshore structural members of oil platforms. A summary of 
standardized spectra for multiple purposes can be found in [2.13]. 
In the scarce literature about service spectrum tests, it has been found that 
symmetrical random sequences do have a minor effect on the FCGR. This is 
based on the assumption that the effects of overloads and underloads (as they 
will be explained in the following) tend to cancel out each other [2.14, 2.15]. 
However this general conclusion cannot be extrapolated to all spectra and 
materials. In fact, if overloads are dominant, the effects of underloads will 
diminish.  
Load spectra are often counted by different methods, such as the level 
crossing counting method or the rainflow method to evaluate linear damage 
accumulation. To this end, Miner’s rule is applied. However a linear 
estimation is not always accurate since it does not consider interaction effects. 
For the better understanding of these non-linear effects, simpler loading 
events must be studied.  
2.1.2 Simple VA load 
Overload 
A single overload (stress peak) is reported to cause a retardation (or even 
arrest) of the crack growth. The description of this process can be characterized 
by the following parameters (see Fig. 2.10): 
 nD: delayed number of cycles. It can be divided into nDR and nDT (real 
and total number of cycles respectively) 
 aD: delayed distance [mm] 
 ΔaOL: OL-affected crack growth increment [mm] 
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As can be seen in Fig. 2.10 when the overload is applied, small acceleration 
of the crack growth is occasionally observed after which the main effect 
(retardation) happens. When a minimum retardation value is achieved, the 
crack tends to come back to its original growth rate. 
An important parameter in the investigation of the effect of an overload on 
the crack growth rate is the overload ratio (OLR): 
ܱܮܴ ൌ ܭை௅ െ ܭ௠௜௡஻௅∆ܭ஻௅ 																																																																																																									ሺ2.7ሻ 
The higher the OLR the larger the retardation effect. At a rather high overload 
ratio (for example higher than 2.5 for steel [2.1]), crack arrest can be evidenced. 
And theoretically if the KOL is higher than the material’s fracture toughness, 
unstable crack occurs. 
The influence of the R-ratio (see eq. 2.8) on the OL effect is of relevance. The 
higher the R-ratio the lower the net retardation effect. 
ܴ ൌ ܭ௠௜௡ܭ௠௔௫ 																																																																																																																														ሺ2.8ሻ 
It must be clarified that the effect of negative R-ratios might lead to different 
effects trends than those discussed in this manuscript for positive R-ratios. The 
reader is refereed to [2.16] for a deeper understanding of this topic. 
Sequence of OL (OLs) 
OLs is defined as a sequence where a few subsequent overloads are present. 
It has to be noticed that the number of overloads is not large enough to achieve 
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Fig. 2.10 Schematic of retardation of crack growth following a single OL in
a K-controlled test, after [2.10] 
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a regime (block). Under those circumstances the retardation effect is 
intensified and the larger the sequence length, the higher the effect. As 
observed in a simple OL, an increase in the R-ratio will diminish the 
retardation effect. 
Periodic sequence of OLs (POLs) 
Following the same trend as the previous OL sequences, a similar behaviour 
(retardation effect) is normally expected [2.17, 2.18]. However other work 
showed the opposite effect [2.19] and it is not totally clear whether the 
previous trend is still followed by this combination or in some cases could lead 
to the opposite effect (crack growth acceleration). 
Single underload (UL) 
Opposite to the OL behaviour, an acceleration of the crack growth is 
normally evidenced if the specimen is subjected to an underload. However all 
analysed literature on this topic has suggested that overloads have more 
influence on the retardation effect than underloads on the acceleration effect. 
Sequence of UL (ULs) 
Not too much information is available for this load combination. According 
to [2.20], a loading change from a sequence of ULs to a base line block causes 
a retardation transient.  
Periodic sequence UL (PULs) 
There is general agreement that under this circumstance, the fatigue crack 
growth rate increases [2.10]. However, in a limited number of cases, negligible 
interaction effects and even UL-induced retardation have also been noted. 
Combined overload/underload events 
OL-UL or UL-OL 
There is in both cases (OL followed by UL and UL followed by OL) a 
retardation effect [2.21]. This effect is slightly lower in the first case compared 
to the second combination. 
2.1.3 Block loading 
In general, block loadings can be categorised as low-high (L-H), high-low 
(H-L) or combinations of both. 
The main parameters to define the blocks are: 
 R 
 ΔK 
 ΔKmin 
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The lifetime due to high-low block loading increases exponentially with 
increasing block loading ratio [2.22]. 
In [2.23], high-low and low-high blocks were tested with constant ΔK. The 
effect of a high-low block has the same trend as a single OL. However, for a 
high-low load block, the retardation always occurs immediately and is not 
preceded by the acceleration phase [2.24]. The effect of crack retardation is 
much higher for the high-low block than for an equivalent single tensile 
overload [2.25]. The low-high block is reported to result in an acceleration of 
FCGR. This behaviour is identical to that generally observed following an UL. 
Also the effect of the R-ratio has been investigated by Borrego [2.23]. A 
significant reduction in delay cycles when R is increased has been observed. 
Physics behind VA interaction effects 
Different mechanisms have been reported to cause these effects. For 
example crack tip blunting, compressive residual stresses and plasticity 
induced crack closure (tensile deformation induced ahead the crack tip) have 
been suggested as retardation mechanisms following an overload [2.19]. 
Meanwhile tensile residual stress is used to explain the crack growth 
acceleration sometimes evidenced after an underload. Strain hardening, crack 
deflection and branching and activation of near threshold mechanisms have 
also been highlighted in the investigation of this topic [2.26]. 
 
 
K [MPa(m)1/2]
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KminBL
Kblock
Kmin=Constant R=Constant ΔK=Constant
 Fig. 2.11 Characteristic parameters in L-H-L block sequence 
These general trends and conclusions have mainly been evaluated 
considering materials and loading conditions representative of the 
aircraft industry [2.13]. From this point of view research on this topic is 
still needed to be able to define at which extent the former 
investigations are applicable to the design of offshore structures and to 
understand which are the risks of simplifying on-site loading 
conditions. 
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2.2 Fatigue damage estimation of offshore structures 
Structural fatigue design is based on the cumulative damage due to 
repetitive loads.  The fatigue limit state should therefore contemplate the 
combination of different variable load sources (site conditions). For this 
purpose, the contributions from wind, waves, currents, water level, ice and 
other possible fatigue sources have to be evaluated. The combination of each 
of these elements is known as the characteristic load effect. It is expressed in 
terms of a load distribution (histogram). As much load histories as alternative 
states defined during the design stage, must be evaluated. Some examples of 
states are: “in operation”, “transport and assembly” and “normal shutdown”, 
among others [2.27]. 
Whilst the actions of wind, waves and currents seem to be of simple 
interpretation, the influence of other factors such as water level and ice (among 
others like temperature, marine growth, etc.) on the fatigue behaviour of the 
structure is not straightforward. Water level and wind are correlated, because 
the water level has a wind-generated component and therefore it is related to 
the properties of the waves. The dynamic interaction between these factors 
leads to the formation of irregular (variable amplitude) loads applied to the 
structure (see Fig. 2.12). As a result, non-linear damage evolution can be 
expected which in other words means that the application of linear approaches 
would lead to non-conservative or overly conservative results.  
 
 
 
 
 
 
Ice formation can increase the cross-sectional areas of the structural 
members and change the surface roughness. This can increase the load 
amplitude due to the relation between these factors and the wind generatrix, 
not mentioning the increase in the static (dead loads) state. 
Once a characteristic load distribution for each state is defined, it is 
represented as a histogram of stress ranges. This is normally obtained from 
measurements on similar structures which are working in a similar place and 
under similar conditions. Alternatively, standardized (deterministic) loading 
histograms as those mentioned above have been generated for use in specific 
industries [2.13]. After applying the selected normalized loading history to the 
detail under consideration (structural model), the histogram of stress ranges is 
obtained. 
 
Fig. 2.12 Water height measurement for an offshore location [2.28] 
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Alternatively, the frequency content of a random signal can be 
characterized by its power spectral density (PSD) function (stochastic analysis). 
This function is defined by extracting from the time-dependent histogram  (Fig. 
2.13a) the normalized Fourier density coefficients of the related Fourier 
transform series. The PSD function (Fig. 2.13b) shows how the energy of the 
process (S(ω)) is distributed over the various frequency bands (Δω). In this 
manner, wave, wind and current frequency stress spectrums for different sea 
states can be summarized in different diagrams. 
For offshore structures, the most dominant source of fluctuating loads is 
waves [2.30]. In fact sea currents’ action might not be considered as their 
frequencies are generally not sufficient to dynamically excite the structures 
[2.28]. Offshore spectra are normally described through the JONSWAP, the 
Pierson-Moskowitz, the Bretschneider the Ochi-Hubble or the Torsethaugen 
spectra [2.30, 2.32, 2.33]. These models try to recreate the sea wind and waves 
conditions making use of narrow or wide band signals. The spectral 
representation of the first type of signal (modulated process) is normally 
related to a single-peak power density function (PDF) (see Fig. 2.14a) and in 
the second case (semi-random process), it is related to a PDF with two distinct 
peaks (see Fig. 2.14b). Each of these peaks represent processes that are well 
separated in frequency (swells and wind-sea interactions e.g.). 
In general the designer may choose among the available normalized 
spectrums. Typically, the Pierson-Moskowitz (SPM(w)) and JONSWAP (SJ(w)) 
spectra are used to describe wind-sea conditions that often occur for the most 
severe sea states. For moderate and low sea states, swells should also be taken 
into consideration. The introduction of this element can bring non-linearities 
to the analysis and the previously mentioned spectra are not valid anymore. 
For this reason two-peak (wide-band) models as the Ochi-Hubble spectrum 
and the Torsethaugen spectrum are advised [2.32]. For more details about the 
difference between spectra the reader is referred to [2.30]. 
 
Fig. 2.13 a) A stochastic process x(t) and b) Associated energy spectrum [2.29] 
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2.2.1 Time domain analysis 
With the power distribution of each sea state and making use of the Inverse 
Fast Fourier transform (IFFT) the irregular surface elevation is generated. This 
is used to determine the velocities and accelerations that structures are 
subjected to. These values are then needed for the estimation of the loads (and 
furthermore stresses) applied to the structure, for example making use of 
Morison’s equation. An example of the stress history of a jacket structure 
generated by this methodology is shown in Fig. 2.15 [2.34]. This approach is 
defined as time-domain analysis (TDA). 
 
 
 
 
 
 
 
Once the stress histogram is defined, the next step is to classify the 
information in order to compute the fatigue damage. For this purpose, the 
rainflow counting method is normally used. It basically classifies the input 
information obtained from the TDA into amplitude blocks in order to generate 
series of reference stress reversals.  
Fig. 2.15 Time history estimated at a hot spot stress [2.34] 
 
Fig. 2.14 Wave spectrum without and with a clear separation between 
swell and wind-sea components (a and b respectively) [2.85] 
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The last stage consists of using a damage evolution rule (normally Miner’s 
rule) to assess the fatigue life of the structure subjected to the load spectrum. 
2.2.2 Frequency domain analysis 
Similar to the sea state analysis, use can be made of a transfer equation in 
order to obtain a stress PSD function.  Using a fatigue modeler the stress 
probability density function is estimated. Finally, this can be converted into a 
cycles versus stress range distribution (normally fitted into a Rayleigh or 
Gauss distribution). From this point on, the application of a damage evolution 
rule is straightforward. 
One example of two different distributions for the same hot spot and sea 
state based on time and frequency analyses is shown in Fig. 2.16.  
 
 
 
Fig. 2.16 Distribution of n versus Δσ for time and frequency based 
analysis after [2.34] 
Δσ [MPa]
Occurrences [%]
Time domain
Frequency domain
Δσ [MPa]
As reported in [2.34], FDA results in a higher damage estimation 
(which can be interpreted as conservative). This has cost implications 
during both design and inspection of the structure. This methodology is 
however widely used and recommended in the design codes because it 
is more feasible in terms of computational time [2.35]. Results of the 
time-domain analysis are more accurate but its accuracy depends on the 
number of simulations carried out (which can take up to 3 digits more 
time than the frequency-domain analysis). 
2.20   Fatigue in offshore structures 
 
The time-domain and frequency-domain life calculation procedures can be 
represented as indicated in Fig. 2.17 and Fig. 2.18. 
2.2.3 Drawbacks in the application of the linear damage rule 
Independently of the chosen methodology to estimate and count the stress 
reversals developed in a component, a damage model is needed for the 
calculation of the fatigue life. As it was mentioned before, Miner’s rule has 
been widely applied in the case of variable amplitude fatigue. However, based 
on the discussion in section 2.1, interaction effects might be expected under 
these conditions. Therefore it is still under discussion whether different load 
sequences could lead to over-conservative or non-conservative results. 
As outlined in section 2.1, while overloads tend to retard the crack growth, 
underloads tend to accelerate it. The effect of block loading is somewhat 
similar to the previous case. However it depends on the block loading ratio 
and the length of the block. Zhang et al [2.36] outlined the difference between 
applying random and sequential loading conditions, with the first one being 
30% more damaging. In fact, it has been recommended to use an allowable 
value of fatigue damage D=0.5 instead of D=1 since the last one can be non-
conservative (for example with underload-dominated spectrums) [2.37]. 
Furthermore, it has been reported that the closure effect has little effect in air 
[2.38] and also that it is not applicable to all materials [2.39]. 
Miner’s rule tries to estimate the entire fatigue life based on one relation 
(ni/Ni) and as mentioned in [2.1] this is the most important shortcoming. 
Simply because this is not enough to describe such a complex and multi-
parameter dependent phenomenon. 
In particular situations (cycles of a pressure vessel, manoeuvers of ships and 
transport aircraft, loads on motor, etc.) loads are predictable (deterministic). 
For those cases experimental validation of the best damage estimation is 
possible with a very high degree of reliability. But in case of stochastic loads 
 
Fig. 17 Time-domain fatigue life calculation procedure 
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Fig. 18 Frequency-domain life calculation procedure 
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like those applied to offshore structures, experimental validation is not 
straightforward and many scenarios need to be evaluated. 
Non-linear damage models try to consider the combination of loading and 
interaction effects by a better understanding of the physics behind the root 
causes. In the following section, different methods developed to evaluate these 
non-linear effects will be described. 
2.2.4 Brief overview of non-linear models 
In order to evaluate the variable amplitude fatigue behaviour of a structure, 
the constant amplitude S-N curve (or Paris law curve) is combined with the 
linear damage rule (Miner’s rule). As mentioned before, this approach is not 
always accurate and its use can end up in a non-conservative or overly 
conservative design. Based on this concrete observation, a series of alternative 
approaches have been developed. A brief description of the basis of widely 
used methods is  given. 
2.2.4.1 Non-linear damage evolution model 
Non-linear damage evolution model is normally expressed as a modification of 
the linear (Miner’s) rule: 
ܦ ൌ෍ሺ݊௜
௜ܰ
ሻఈ೔ 																																																																																																																						ሺ2.9ሻ 
where αi is a parameter dependent on the applied load.  
The basic representation of this approach is contemplated in Fig. 2.19a for a 
high-low sequence and in Fig. 2.19b for a low-high sequence. 
The load sequence effects are described by going from point A to B in the 
high-low sequence and from B to A in the low-high sequence. The dashed line 
represents the linear damage stress level (LDSL) whilst αH and αL are the 
exponents of the non-linear damage curves for two different cyclic stress levels, 
the first higher and the second lower than the LDSL.	
	
	
 
Before the direct application of the linear damage method, a clear 
understanding of its limitations is necessary. 
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Fig. 2.19a shows the damage evolution for a H-L sequence. The analysis 
begins at damage 0 and evolves up to point A which has a damage value DA 
given by the relation ሺ௡ಹேಹሻ
ఈಹ. Following a block with lower stress range begins. 
This new sequence is represented by the damage curve αL. The point B is then 
defined as the intersection of the iso-damage line (horizontal line from point 
A) and the curve with exponent αL. The sequence continues at this stress level 
until failure is achieved. The fraction of life consumed in this last stage is 
described as nL/NL. After this analysis it can be concluded that a sequence high-
low will be related to a retardation in the crack growth rate (CGR): 
݊ு
ுܰ
൅ ݊௅
௅ܰ
൏ 1																																																																																																																						ሺ2.10ሻ 
On the opposite side, Fig. 2.19b shows the damage evolution for a low-high 
sequence. In this case it can be concluded that a low-high sequence will be 
related to an acceleration in the CGR: 
݊ு
ுܰ
൅ ݊௅
௅ܰ
൐ 1																																																																																																																						ሺ2.11ሻ 
In [2.40], the following estimation of ߙ௜	is recommended for H-L sequences:    
ߙ௜ ൌ ൬ ሺܰ௜ିଵሻ௜ܰ ൰
଴.ସ∙୫୧୬	൬∆ఙሺ೔షభሻ ∆ఙ೔൘ 	;	
∆ఙ೔ ∆ఙሺ೔షభሻ൘ ൰ 																																																																ሺ2.12ሻ 
With Ni the total lifetime of the current loading block at stress range ∆ߪ௜ and  
N(i-1) the total lifetime corresponding to the previous loading block at stress 
range ∆ߪሺ௜ିଵሻ. 
Fig. 2.19 Non-linear damage evolution for a high-low (a) and a low-high 
(b) sequence [2.87] 
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2.2.4.2 Crack growth prediction models 
Crack growth prediction models are necessary for the fatigue life 
assessment of components designed considering the damage tolerant 
philosophy. As displayed in Fig. 2.20, one can choose to carry out a global or 
a cycle-by-cycle analysis.  
Global analyses do not consider interaction effects. They predict the crack 
growth based on averaging or weighting the applied loading.  
The modified Miner model is an adaptation of the non-linear cumulative 
damage approach introduced above. As explained in 1.2.2, Miner’s rule can be 
modified in order to be implemented in a fracture mechanics based analysis. 
This is done by means of calculating an effective stress intensity factor. 
∆ܭ௘௙௙ ൌ෍ሺ݊௜௜ܰሻ
ఈ೔ 	∆ܭ௜																																																																																																		ሺ2.13ሻ 
In this case, ni is defined as the number of cycles needed to achieve the pre-
defined crack length of block i and Ni as the number of cycles needed to 
achieve a pre-defined total crack length. ∆ܭ௘௙௙  is affected by the nonlinear 
exponent introduced in section 2.2.4.1. For the case of ∆ܭ controlled tests, the 
following ߙ௜ estimation is proposed [2.41]: 
ߙ௜ ൌ ൬ ሺܰ௜ିଵሻ௜ܰ ൰
଴.ସ∙୫୧୬	൬∆௄ሺ೔షభሻ ∆௄೔	൘ ;		
∆௄೔ ∆௄ሺ೔షభሻሻ൘ ൰ 																																																													ሺ2.14ሻ 
 
Fig. 2.20 General classification of fatigue crack growth models after [2.41] 
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The weighted average model is explained by this relation [2.8]: 
߂ܭ௘௙௙ ൌ ሾ෍݊௜߂ܭ௜
௖೘
்ܰ ሿ
ଵ/௖೘
ே೅
௜ୀଵ
																																																																																											ሺ2.15ሻ 
Where NT is the total number of cycles, i designates the current cycle 
number, ΔKi is the SIF corresponding to cycle ni and cm is a constant. 
If cm is replaced by 2, the model is named Root Mean Square (RMS) and is 
formulated by this relation [2.42]: 
߂ܭோெௌ ൌ ඩ 1்ܰ෍݊௜߂ܭ௜
ଶ
ே೅
௜ୀଵ
																																																																																														ሺ2.16ሻ 
These weighted stress intensity factor ranges are used for instance in the 
general crack growth rate (Paris’ law) expression or in any modified version 
of it. 
For uniformly stochastic events, where small interaction effects are present, 
these models correlate well. This observation is also valid for those situations 
where strong interaction effects tend to cancel out each other. 
Excluding the linear approach, cycle-by-cycle models consider interaction 
effects. The firstly developed interaction models where designed based on the 
retardation effect evidenced after the application of an overload. They are 
classified as yield zone models since the amount of retardation is calculated 
based on the size of the plastic zone produced by the overload itself. 
The basic macro fatigue crack growth retardation model (Wheeler model) is 
defined as (see Fig. 2.21): 
݀ܽ
݀ܰ௏஺ ൌ ∅ோ ൤
݀ܽ
݀ܰ஼஺൨ ൌ ∅ோሾܥሺ∆ܭሻ
௠ሿ																																																																												ሺ2.17ሻ	 
Where C and m are material parameters and ∅ோ is an empirical retardation 
factor defined as: 
∅ோ ൌ ሺݎ௜ݎ௣ሻ
௣														ݓ݄݁݊											ݎ௜ ൏ ݎ௣																																																																										ሺ2.18ሻ 
∅ோ ൌ 1																					ݓ݄݁݊											ݎ௜ ൐ ݎ௣																																																																										ሺ2.19ሻ 
With: 
 ri: plastic zone size associated with the ith loading cycle [mm] 
 rp: is the distance from the current crack tip to the largest prior elastic-
plastic zone created by the overload [mm] 
 p: empirical shape parameter 
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This model assumes that the retardation effect that follows an overload can 
be obtained by scaling the constant stress amplitude growth rate according to 
the size of the plastic zone. Equations to calculate the plastic zone size can be 
found in [2.43]. 
Wheeler’s model has been modified to account for delayed retardation, 
acceleration of the crack growth after the overload and acceleration effects 
after an underload. Some of these corrections have been quite recently 
proposed [2.43]. 
Based on the same concept, Willenborg’s model calculates the amount of 
retardation generated after an overload based on the estimation of an effective 
stress intensity factor defined as: 
 
ሺܭ௜ሻ௘௙௙ ൌ ܭ௜ െ ܭ௥௘ௗ,௜																																																																																																					ሺ2.20ሻ 
Where ܭ௜  is the apparent stress intensity factor (considering constant 
amplitude) and ܭ௥௘ௗ,௜ is the stress intensity factor needed to cancel the effect of 
the plastic zone, both at cycle i. The last can be obtained using the following 
equation: 
ሺܭ௜ሻோ௘ௗ ൌ ܭை௅ඨ1 െ ܽ௜ െ ܽை௅ݎை௅ െ ܭ௠௔௫,௜																																																																							ሺ2.21ሻ 
The range between Kmax,i and Kmin,i is then decreased by the estimated ሺܭ௜ሻ௘௙௙ 
and an effective stress ratio, (Ri)eff,  in each load cycle i is calculated and 
incorporated in the chosen modified Paris law. 
This model does not incorporate any empirical parameter and only the yield 
stress of the material is needed for the estimation of the plastic zone size. 
 
Fig. 2.21 Plastic zones – Dimensional analysis 
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However crack arrest is predicted for overloads with magnitude KOL ≥ 2Kmax,i 
which might not be always realistic. A generalized model was developed to 
solve this issue [2.44]. 
Another method, called Elber’s crack closure approach, contemplates that 
fatigue cracks remain closed during that part of the cycle when unloading 
occurs [2.45]. This is explained as a wake of plastically deformed material in 
the crack tip is developed as the crack grows, which makes the crack faces 
come into contact when the unloading has begun. This results in a reduced 
driving force which in other words produces the retardation. This approach 
assumes that the portion of the cycle that is below Kop does not contribute to 
the crack growth. Therefore the crack closure decreases the fatigue crack 
growth rate by reducing the effective stress intensity factor. This is described 
making use of an effective stress intensity factor at the crack tip (see Fig. 2.22): 
K௘௙௙ 	ൌ ܭ௠௔௫ െ ܭை௉																																																																																																					ሺ2.22ሻ 
Where KOP is the stress intensity factor calculated considering the crack tip 
opening stress (σOP).  
Finally, the fatigue crack growth behaviour will be described by: 
݀ܽ
݀ܰ௏஺ ൌ ሾ൫∆ܭ௘௙௙ሻ
௠൧ ൌ 	 ൣܥ൫ܭ௠௔௫ െ ܭ௢௣൯௠൧ ൌ ሾܥሺܷ∆ܭሻ௠ሿ																															ሺ2.23ሻ 
Where U is the effective stress intensity factor closure parameter. 
The benefit of using this model is that it does not require the calculation of 
a shape parameter. However, the calculation of the crack opening stress is not 
straightforward and the use of advanced finite element analysis and/or 
iterative methods must be applied. 
The strip yield model proposed by Newman divides the crack tip plastic zone 
and the region of residual plastic deformation into one-dimensional rigid 
perfectly plastic elements. The deformation of these elements is calculated 
cycle-by-cycle and compared to the elastic displacements of the crack flanks.  
 
Fig. 2.22 Definition of effective stress intensity rage 
K [MPa(m)1/2]
KmaxBL
KminBL
KOL
KOP
Cycles, n
ΔKeff
Chapter 2  2.27 
 
 
The effect of such difference is the generation of contact stresses on the crack 
surfaces. The crack opening stress is obtained at the moment when the contact 
stresses become zero [2.43]. A plastic constraint factor (γ) is added to the model 
in order to account for the three-dimensional effects of the crack tip (plane-
strain and plane-stress conditions). Notwithstanding this model has been 
reported to be able to simulate complex VA fatigue interaction effects such as 
delayed retardation and spectrum loading,  advanced functions are involved 
in the simulations which makes it more complicated to apply than the 
previously described models. 
 
3 Scale effects in structures subjected to fatigue 
Different types of tests need to be performed for the implementation and 
further validation of (linear and nonlinear) fatigue damage models. They are 
normally carried out using standardized (laboratory) specimens. However, 
offshore structures (and many other components) are manufactured using 
very large welded steel parts. The question arises whether or not 
characterising the material and damage evolution of such complex and large 
structures by testing small scale specimens is over or under conservative. Of 
course, the most precise material characterization can only be achieved if a 
close to real scale structural detail is tested. Some examples of components that 
are subjected to large scale fatigue testing are: airframe structures [2.46], wind 
turbine blades [2.47], tubular structural joints [2.48] (See Fig. 2.23) and 
pipelines and risers [2.49–2.51]. This is extremely challenging from both a 
technical and economical point of view. In other words only a limited number 
of tests of this kind can be done. From a statistical point of view this is a 
disadvantage. 
 
 
 
 
The accuracy of the damage prediction will depend on the correct 
understanding of interaction effects and further representation of them 
in a numerical model. 
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Small scale standardized specimens [2.53–2.55] have been designed in 
order to concentrate damage in a known area of interest. On the one hand this 
ensures  that comparability among tests is increased and on the other hand 
instrumentation can be more precisely located. However, due to 
manufacturing processes needed to obtain these coupons (cutting, grinding, 
polishing e.g.) different aspects such as surface roughness, curvature, 
thickness, superficial imperfections, residual stresses and so on might be 
modified or even erased. The change in fatigue strength due to scaling down 
and modifying these parameters is known as scale effects. As mentioned in 
[2.56], scale effects can be caused because of: 1) statistical defects, which are a 
function of the material volume considered, 2) technological size effect which 
is a function of the manufacturing technology, 3) geometrical size effect, which 
is dependent on the through thickness stress gradient and 4) stress increase 
effect which is a function of the stress field magnitude generated by a 
particular defect or notch. 
An attempt to study scale effects (as a whole) in unnotched fatigue 
specimens was published in [2.57] where thick (Ø21mm) and very thick 
(140mm) ductile cast iron specimens have been fatigue tested. As main 
conclusion of this work, it was mentioned that thick specimens showed a 
shorter fatigue life than thin specimens. The reported cause was mainly related 
to the technological size effect. 
For the analysis of notched specimens, constraints and geometry are 
mainly evaluated but these studies are mostly restricted to small scale 
specimens (CT, SENT, SENB e.g.) [2.58–2.60]. The major ambitions are related 
to obtaining fitting parameters for use in finite element models and to 
investigate the crack growth rate in the near threshold region [2.61]. 
 
 
Fig. 2.23 Welded structural joint test @ OCAS [2.52] 
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In real-scale structures, a crack may initiate from material/weld 
impurities, scratches and manufacturing imperfections among others. Surface 
cracks are among the most common flaws in engineering components [2.62]. 
These tend to evolve into bidirectional semi-elliptical or circular cracks (see 
Fig. 2.24b). Hence their analysis might be more representative of reality than 
(unidirectional) through thickness fatigue cracks present in most standardized 
specimens (see Fig. 2.24a). 
This point is very relevant since geometrical size and stress increase effects 
are dependent on the stress magnitude and stress gradient field at the crack 
front. Zhang et. al. [2.64] reported that the crack growth rate of surface-like 
cracks originated in large diameter girth welded pipes based on general 
solutions tends to be over-estimated. He linked that effect to the calculation of 
the weld magnification factor and the 2D SIF calculations. 
 
 
 
Fig. 2.24 Development of crack shapes for subcritical a) straight-fronted and 
b) surface crack growths. After [7.63] 
The crack tip front of surface cracks are subjected to a variable SIF 
pattern. It is logical to assume that a certain interaction effect between 
higher and lower stressed regions would arise due to local constraints. 
This would actually modify the relation between crack growth rate and 
SIF obtained from small scale coupons. 
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4 Fatigue and corrosion in the offshore industry 
In addition to possible scale effects, another very important factor that 
must be contemplated during the design of components to be used in harsh 
environments is corrosion. In general, the easiest way to include a corrosion 
measure in the design is increasing the section of the component in order to 
compensate the loss of metal during their expected life. Of course, such a 
simplistic approach is economically and technically inefficient. Firstly because 
more material than needed has to be purchased, and secondly because the 
corrosion rate is based on laboratory results or previous experiences which 
could lead to a non-realistic degradation rate. 
Offshore structures are exposed to both cyclic loads (from wind, current and 
wave actions) and corrosive surroundings. In this hostile environment, a 
corrosion rate of between 0.1 and 0.7 mm/year of steel can be expected in a 
non-protected structure (see Fig. 2.25) [2.71]. The figure also illustrates that 
there are regions with higher and lower corrosion rates. This is because some 
factors (oxygen e.g.) have more influence in some regions (as the splash zone) 
of the structure than in others. Furthermore, the interaction between cyclic 
 
Fig. 2.25 Corrosion damage mechanisms and corrosion rate as a 
function of sea depth after [after 2.71] 
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loads and the marine environment may enhance the initiation and 
propagation of a crack which is dangerous since they are difficult to detect and 
may lead to a sudden collapse of the entire structure. 
4.1 Corrosion influence on the design curves 
As pointed out before, fatigue life of a component is mainly calculated 
based on an S-N curve. Under normal atmospheric conditions (and constant 
load range), it can be used to find a stress range (fatigue limit) under which no 
damage occurs (see Fig. 2.26, curve a). However, it is expected that if corrosion 
is added, damage would exist at each load level and therefore no fatigue limit 
can be defined (Fig. 2.26, curve b). 
 
As highlighted, the use of fracture mechanics based approaches is 
sometimes needed. Of course, in a corrosive environment, the typical Paris law 
curve might change. Generally a reduction of the threshold stress intensity 
factor is expected [2.66] (see Fig. 2.27). However its final shape will depend on 
the driving damage mechanism: fatigue, corrosion or a mix of both (see next 
section for more detail). 
 
Fig. 2.26 Effect of corrosion on the S-N curve of a steel, adopted from 
[2.35] 
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As it is normally believed (and is usually the case) the addition of corrosion 
to the fatigue phenomenon increases the damage rate. However in some cases 
some fatigue crack retardation due to the interaction between component and 
environment might be expected (see below). Based on this remark, it has to be 
said that considering corrosion as an accelerating damage factor is not always 
correct. To better understand the reasons of such a behaviour, the possible 
corrosion effects during crack initiation and propagation phases are discussed 
in the following. 
4.1.1 Effect of corrosion on fatigue crack initiation and propagation 
As described before, cracks will most likely start at regions subjected to high 
stress concentration where a shear plane is created. At these locations, 
corrosion can accelerate/delay the damage mechanism by [2.67]: 
 Interference of the oxide film with slip reversibility. 
 Facilitation of the nucleation/dislocation by the adsorbed species. 
 Injection of embrittling species. 
 Removal of plastically deformed material. 
These mechanisms can also modify the crack growth rate during the late 
second and third fatigue stages. In addition, some other factors like the 
diffusion of reactants through a macroscopic crack, the modifications of 
chemical species from the bulk to the crack tip and the role of oxides on the 
crack closure might be of importance during these phases. In order to illustrate 
the previously mentioned possibilities, some examples from literature are 
briefly exposed. 
Different factors that intervene in the corrosion fatigue behaviour have been 
reported either as mechanisms of crack acceleration (environmentally assisted 
 
Fig. 2.27 Typical effect of corrosion on the Paris law curve 
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crack growth by chemical species) but also as mechanisms of crack retardation 
(plasticity, phase transformation, oxide and roughness induced crack closure). 
Pargeter, Baxter and Holmes [2.68] have studied the corrosion fatigue of steel 
catenary risers in sweet production and identified that in early stages, 
corrosion could blunt crack tips and slow down the growth rate while under 
other circumstances (high ΔK values e.g. ),  corrosion could provide additional 
crack extension. It has been defined in [2.66] that oxides could positively 
influence the fatigue crack growth since an oxide film formation can prevent 
the environment from entering into the metal. Beyond all examples showing 
crack retardation, corrosion fatigue has mostly been experienced as a time-
dependent damage phenomenon which tends to accelerate initiation due to 
the creation of surface stress concentration factors in pitted regions [2.69] and 
crack growth due to synergistic actions involving hydrogen embrittlement 
and anodic dissolution [2.70]. These concepts are later explained. 
Based on the complexity of the corrosion-fatigue combination, different 
analysis scenarios seem to be possible. 
4.1.2 Interaction effects on the environmental fatigue phenomenon 
Considering all elements that simultaneously affect structural life, the 
analysis of each one individually is a difficult task. Parameter clustering and 
trends can be defined to facilitate the definition of the most important elements. 
For example, in case that the oxide-induced closure effect is predominant, the 
entire fatigue curve shifts towards higher ΔK values as compared to vacuum 
(retardation effect, see Fig. 2.28). However if the environmental effect 
predominates, the curve would tend to shift towards lower ΔK values as 
compared to vacuum (creating an earlier initiation point and reducing the 
fatigue life) [2.66]. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.28 Role of oxide in the environmentally assisted 
fatigue process 
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A detailed corrosion assisted fatigue curves classification is given in [2.71, 
2.72]. Different scenarios were explained based on the idea that the total 
damage process can be mainly stress or time dependent or a mix of both.  
For those situations where the damage process is predominantly time 
dependent, the influence of the environment plays a major role in the initiation 
stage. This is defined as true-corrosion fatigue (type-A in Fig. 2.29) and is 
evidenced by a reduction of the threshold stress intensity factor in comparison 
with the inert curve. If the damage process is predominantly stress dependent, 
the influence of the environment might play a major role after the threshold 
stress corrosion cracking intensity factor (KIscc) is achieved. This is normally 
defined as stress-corrosion fatigue (type-B in Fig. 2.29) and it is evidenced by 
a plateau in the FCG curve.  Additionally, a mixed behaviour might be 
evidenced if the damage process changes momentarily from one to another 
dependency (type-C in Fig. 2.29). 
Based on this classification, the environment may compete with the loading 
effects. It might dominate during initiation, propagation or interact during the 
entire process. Notwithstanding different trends and possible scenarios were 
defined, there is a high chance that a mixed behaviour is present in real 
offshore structures.  
 
 
 Fig. 2.29 Inert, time and stress driven FCG curves, Type A-true 
corrosion, Type B-stress corrosion and Type C-mixed behaviour 
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Due to the variety of factors that intervene in the corrosion-fatigue process, 
its analysis is complex. Different result trends can be expected depending on 
the sensitivity of the material to both environmental corrosiveness and cyclic 
stress range. This accentuates the need of testing a larger number of possible 
scenarios to accurately define the behaviour of the selected steel in close to real 
conditions. However due to frequency dependence involved in these analyses, 
and considering that offshore structures are loaded at frequencies in the range 
of 0.1-2 Hz, this task is highly time consuming. 
4.2 The corrosion process in marine environments 
4.2.1 Basics of corrosion 
Corrosion can be defined as the undesirable deterioration of a material as a 
consequence of its interaction with the surrounding environment. In general 
terms, the reactions acting in the corrosion processes can be divided in two: 
“dry” (do not involve water) and “wet” (involving water) reactions. In 
offshore, the second type is dominant and therefore from now on, all reactions 
will refer to this kind [2.67]. 
The corrosion phenomenon in aqueous environments is electrochemical by 
nature. The metal polarizes, creating an anodic region (which will oxidize) and 
a cathodic region (which will be reduced). Within these reactions, the anode 
experiences a loss of electrons (anodic reaction) that are consumed by the 
cathode (cathodic reaction). Finally, this ionic exchange generates an electrical 
field close to the surface region. 
The reactions which may proceed in the combination of deaerated water 
and iron can be described as follows (see Fig. 2.30): 
 Fe  2e- + Fe+2   Half reaction (Oxidation) 
 H3O+ + e-  H + H2O  Half reaction  
(Reduction – Polarizing layer of H) 
 Fe + 2H3O+  Fe+2 + 2H + 2H2O Overall reaction 
 2 H2O + 2e-  H2 + 2OH-  Water Reduction 
 Fe+2 + 2HO-  Fe(OH)2  Iron (II) oxides 
 Fe(OH)2  FeO + H2O  Wustite 
 2FeO + H2O  Fe2O3 + 2H  Iron (III) oxides 
 3Fe(OH)2  Fe3O4 + H2 + 2H2O Magnetite (under anaerobic conditions) 
A more detailed understanding of corrosion on HSLA steels in marine 
environments and of the coupled fatigue-corrosion damage process is 
needed. This necessitates the development of efficient methodologies to 
reduce the testing timeframe. 
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As can be seen from Fig. 2.30, the composition of the rust layer is very 
complex. It normally consists of three layers: wustite, magnetite and iron (III) 
oxide. However, as it was reported in [2.74], other components as 
oxides/hydroxides (goethite, akaganeite, lepidocrocite, e.g.) and calcareous 
deposits (CaCo3, Mg(OH2), e.g.) can also be present. 
In presence of aerated water, the steel oxidation takes place at a higher rate. 
This is due to the fact that in the presence of oxygen the polarized layer of 
hydrogen that is formed on the anodic metal-water interface is quickly 
combined with the oxygen. This gives place to the direct reaction of iron and 
oxygen which, in other words, increase the corrosion rate. 
Seawater contains a large number of different chemical components (See 
table 2.2, [2.67]). From this table, it is possible to recognize that the major 
constituents are chloride and sodium (here expressed as ions). In combination, 
they form a salt (NaCl). According to [2.75], the corrosion rate is not directly 
influenced by this component. However chloride ions that accumulate at local 
anodes can stimulate dissolution of iron and prevent the formation of a film. 
Additionally, the conductivity of the water increases with the addition of salt, 
facilitating  ion exchange between cathode and anode. 
Table 2.2 Major constituents of sea water (chlorinity=19%0, density at 
20°C=1.0243) 
Constituent ppt (parts per thousand) 
Chloride (Cl-) 18.979 
Sodium (Na+) 10.556 
Sulphate (SO2-4) 2.648 
Magnesium (Mg2+) 1.272 
Calcium (Ca2+) 0.4 
Pottasium (K+) 0.38 
Bicarbonate (HCO2) 0.139 
Bromide (Br-) 0.065 
Boric Acid (H3BO3) 0.026 
Strontium (Sr2+) 0.013 
Fluoride (F-) 0.001 
 
 
Fig. 2.30 Oxide film composition (deaerated water) [2.73] 
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4.2.2 Typical offshore types of corrosion 
In general, simplified approaches used to investigate corrosion consider the 
creation of a uniform corrosion layer during the corrosion process. However 
real situations are closer to present a near-uniform layer (see Fig. 2.31a). This 
is due to a variety of factors associated with the structure of the metal, the 
nature of the surface, deposits of dirt and corrosion products, etc. [2.67]. That 
means that estimations obtained from these approaches might locally differ 
with respect to the reality which makes a very accurate life prediction very 
difficult. Because of this, most common localized damage forms have been 
correlated to a particular set of boundary conditions (temperature, 
environment, mechanical loads, etc.). 
In offshore structures, pitting, crevice and microbiologically influenced 
corrosion (MIC) probably present the most dangerous types of corrosion.  
Different parameters involved in the corrosion process can have a strongly 
localized influence on either changing the properties of the corrosion layer or 
breaking it. Just to mention an example, the chloride ion (present in seawater 
e.g.) can penetrate the passivation oxide layer easily, resulting in its 
destruction and therefore increasing the corrosion rate. Because the ionic 
concentration slightly changes from one position to another, the presence of 
this species could lead to a form of localized corrosion pitting (see Fig. 2.31b).  
Another type of localized corrosion is the so-called crevice corrosion. This 
particular kind of corrosion occurs when a wetted metallic surface is in close 
proximity to another surface, as could happen in different types of joints and 
in a crack.  
 
 
 
 
Fig. 2.31 a) Near-uniform corrosion [2.87] and b) Pitting formation [2.88] 
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Additionally the presence of micro-organisms in the solution might lead to 
an increase in corrosion rate. Their corrosive effect can be attributed to [2.67]:  
a) Direct chemical action of metabolic products such as sulphuric acid, 
inorganic or organic sulphides and chelating agents such as organic 
acids. 
b) Cathodic depolarisation associated with anaerobic growth. 
c) Changes in oxygen potential, salt concentration, pH, etc. which 
establish local electrochemical cells. 
Corrosion as uniform attack is unlikely to significantly exceed about 0,1 
mm/yr (in cold waters) but the rate of pitting can be much higher: 1mm/yr 
and even more under conditions favouring high bacterial activity [2.76]. 
These highly localized types of corrosion can lead to accelerated failure of 
structural components by perforation or by acting as an initiation site for 
cracking.  
Since its difficulty to detect, predict and design against, localized corrosion 
mechanisms are considered to be a very dangerous type of damage. 
4.3 Corrosion-fatigue 
Corrosion-fatigue is the result of the combined action of both a corrosive 
environment and cyclic stresses. The mechanisms that are believed to control 
the corrosion-fatigue process are: anodic dissolution and hydrogen 
embrittlement. Both processes can occur simultaneously or compete to control 
the entire process and are explained in the following. 
4.3.1 Anodic dissolution 
During the corrosion fatigue process, the anodic dissolution of the weakest 
parts (such as grain boundaries and the stressed crack tip) may take place. This 
tends to increase the crack growth rate and can be explained according to Fig. 
2.32 in 4 stages:  
1. Crack nucleation and first stage propagation (Fig. 2.32a). 
2. Formation of a slip step and rupture of the protective film (Fig. 2.32b). 
3. The new surface reacts with the environment and partially dissolves 
until it is re-passivated (Fig. 2.32c). 
4. The process starts again (Fig. 2.32d). 
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4.3.2 Hydrogen damage 
In corrosion fatigue, hydrogen is generated by the reaction of 
environmental species such as gaseous hydrogen, water vapour, water, etc., 
with the newly cracked material at the crack tip [2.21]. The electrochemical 
production of hydrogen occurs in two stages [2.67]: 
a) Initial ionic charge transfer to produce an adsorbed hydrogen atom 
(steps 1-3 in Fig. 2.33): 
 H2O + e-  Hads + OH- 
 
b) After adsorption of the atomic hydrogen at the surface of the crack tip, 
second and third stages begin in parallel (steps 4-5 in Fig. 2.33).  On 
the one hand molecular hydrogen may be formed through a 
mechanism known as chemical desorption or chemical recombination: 
 Hads + Hads  H2 
 
On the other hand the entry of atomic hydrogen into the steel from 
the surface adsorbed state takes place: 
 Hads  Hmetal 
During the fatigue process, the hydrogen entry rate may be enhanced by 
the fact that the hydrogen may be transported into the bulk by dislocation 
motion.  
 
 
 
 
Fig. 2.32 Anodic dissolution occurring at the crack tip after [2.20] 
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After [2.77], the effect of hydrogen in low-strength steels are loss of tensile 
ductility (it promotes the formation and growth of voids), blistering and 
induced cracking. High-strength steels are prone to fracture either in an 
intergranular way or by quasi-cleavage. Elements such as phosphorus, 
sulphur, tin, antimony, and arsenic have been found to enhance the 
intergranular fracture of high- strength steels in hydrogen, and as expected, 
temper-embrittled steels are even more susceptible to hydrogen stress 
cracking than steels that are not embrittled. 
5 Limitations of offshore fatigue design codes 
As highlighted in chapter 1, fatigue has been widely recognized as a 
relevant damage mechanism to be considered in offshore structural design. 
Based on the overview given in the former sections, one can understand that 
a big diversity of variables can influence directly or indirectly this damage 
mechanism (material, loads, environment, geometry …). Therefore codes were 
obliged to select those more important for each particular application and to 
develop simplified methods in order to predict the fatigue life in each situation. 
These simplified solutions include a series of safety factors that decrease the 
efficiency of the design. In other words, the structure will most probably be 
over dimensioned which has a large cost implication. 
 
Fig. 2.33 Hydrogen transport processes occurring at the crack tip after 
[2.21] 
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In [2.78] a critical comparison of widely applied offshore fatigue design 
standards and recommended practices, e.g. DNV-RP-C203 [2.79], and BS7608 
[2.80] among others, has been carried out. In that work it was highlighted that 
the difference in number of cycles between the lowest and the highest S-N 
curves included in different standards can be easily equal to a few thousands 
in the close to low-cycle fatigue region, see Fig. 2.34. This difference is even 
more pronounced (millions or billions of cycles) if high cycle fatigue is 
considered. This of course influences the design efficiency. 
 
Some of these standards have been updated in recent years. As a matter of 
fact, a number of sections related to the introduction of HSLA steels have been 
incorporated [2.81]. Recent investigations of new generation HSLA steels have 
suggested that their fatigue performance in sea water under cathodic 
protection and under free corrosion is similar to that of medium strength 
structural steels. Therefore the former S-N curves are now also allowed to be 
used for some HSLA steels. However, it is still noticed that these materials 
tend to be susceptible to hydrogen induced stress cracking (HISC). As 
 
Fig. 2.34 S-N curves in air according to different fatigue design codes [2.78]  
Additional limitations of codes were related to the restrictive use of 
high strength steel grades for “in air” applications, the utilization of 
Miner’s rule for the assessment of VA fatigue, the scale effects inclusion 
based on a limited number of parameters, and the consideration of 
corrosion by drastically penalizing the design curves [2.78]. 
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mentioned in [2.76], evidence of hydrogen cracking found in jack-ups during 
routine surveys has been reported. It is therefore recommended to obtain a 
deep understanding of the performance of the selected steels. Additionally, 
weldability and post-yield reserve strength of these materials are still of high 
concern. Hence test data or fracture mechanics analysis should be used to 
determine appropriate material curves [2.76]. 
For joints subjected to a stress spectrum, the variable amplitude analysis 
remains dependent on the two-slopes S-N curves, the most accurate local 
stress calculation possible and Miner’s rule (considering failure when 
0.5<D<1). In fact, for the design of acceptance tests, random loads are advised 
to be considered as “equivalent series of variable amplitude load cycles” in 
which the actual effects of high overloads/underloads are smoothed down 
[2.82]. Notwithstanding this methodology might not be very accurate (as 
explained in section 2), it positions the fatigue design in a safe place. This 
however represents a big limitation to the use of the damage tolerant 
philosophy for which the overestimation of the number of spots to be 
inspected and of the inspection frequency can lead to quite costly practices. 
Standards include scale effects in the fatigue assessment by applying 
correction factors to the S-N curve. Three sources of scale effects are considered 
and in all cases the presence of such effects penalize the unscaled curve. The 
parameters concretely considered in a welded joint are [2.81]:  
 thickness of plate, which accounts for a more severe notch stress 
with increasing plate thickness at the region where the fatigue 
cracks are normally initiated; 
 attachment length, which considers a more severe notch stress due 
to more flow of stress into a long attachment than into a short one; 
 volume effect, which hypotheses that surface defects can be 
explained by increased weld length and therefore increased 
possibility for imperfections that can be initiated into fatigue cracks. 
From the previously classified scale effects (section 3), it can be said that the 
above considerations are limited to geometrical size effects and statistical 
defects. 
In the latest design code editions, the maximum allowable yield stress in 
case of “cathodic protection” and “free corrosion” environments has been 
increased. However the penalties that arise in those situations remain strong. 
They decrease the endurance curve by a factor of 3 and additionally apply 
safety factors to the damage ratio also in the same order of magnitude [2.81]. 
Evidently a deeper understanding of the actual corrosion process is needed for 
the further implementation of more complete corrosion damage estimations. 
Tests in environments similar to the service environment are very important 
for the validation of such approaches. As highlighted in section 4, corrosion is 
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generally a time dependent process. Hence the testing frequency should be 
similar to that expected in service. This is not a minor remark since sea loading 
frequencies are in the range of 0.1-2 Hz for the North Sea e.g. Therefore these 
tests are highly time consuming. 
6 Summary and conclusions 
In this chapter an overview of the state-of-the-art on the fatigue 
phenomenon with focus on offshore structures has been given. To this end, the 
general damage process, from initiation up to final failure has been described. 
Later, the typical ways of assessing fatigue life have been explained. 
Additionally the impact of different factors, such as variable amplitude 
loading, scale effects and corrosion involved in the fatigue calculation of 
offshore structures were reviewed. Finally some limitations of the fatigue 
design standards have been highlighted. 
Notwithstanding lots of research has been done in the last century, fatigue 
is not yet completely understood and its study remains to largely depend on 
experimental approaches. One example of this is the inclusion of new 
generation materials in the design codes or the validation of prototype 
structure design. These tasks are very time consuming and costly. In order to 
reduce such testing time, new experimental procedures based on some of the 
instrumentation techniques described in chapter 3 were recently developed. 
Two of them are used in chapter 5 to tackle this issue. These procedures are 
validated by testing two offshore steels with (static and fatigue) properties 
detailed in chapter 4. 
Loading history may have important implications on the fatigue life 
estimation. Several load combinations have been proven to increase fatigue 
life. The simple and (over)conservative  approach included in the standards 
might be justified due to the stochastic nature of fatigue and potential need of 
life extension. However it has important cost implications in terms of material 
usage, logistics and maintenance frequency. Chapter 6 offers a simplified 
methodology to analyse the block loading influence on the crack growth rate 
within an offshore framework. 
Although structural members are of large dimensions, material properties 
obtained from laboratory scale specimens are used in their fatigue assessment.  
Thickness, weld geometry, misalignments and residual stresses are considered 
in magnification factors that generally penalize the design curve. This can 
actually be considered an accurate approach in large unnotched members 
where statistical and technological defects are very important. However the 
situation can change in a notched component where the stress increase and 
geometrical size effects are dominant. Chapter 7 goes deeper in the 
investigation of this topic. 
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Guidelines on corrosion-fatigue assessment are very limited and typically 
conservative. Considering on the one hand that pitted regions can easily 
realize the conditions for crack initiation and on the other hand that the 
interaction between fatigue and corrosion tends to decrease the estimated life, 
this topic is not to be underestimated. Due to the time dependent nature of 
corrosion, extremely long-lasting tests are frequently carried out for the 
validation of situations not included in the standards. Accelerating the fatigue 
test frequencies to decrease the testing time implies that the corrosion effect 
should also be accelerated. A methodology developed to this purpose is 
explained in chapter 8. 
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1 Introduction 
Testing is an essential part of any fatigue related investigation [3.1–3.3]. 
Fatigue testing allows the determination of parameters characteristic for the 
damage process description in accordance to a specific methodology. To this 
purpose, different instrumentation techniques can be applied in order to 
determine physical quantities that can be reasonably attributed to a property 
of interest. 
These physical quantities are, for example, force, displacement, voltage 
across a notched section, surface temperature, etc. With the use of an 
appropriate transfer function they can be correlated to parameters that are 
impossible or very difficult to monitor in a direct way, for example  crack 
length or cumulative fatigue damage. 
In the following, a brief description is given of the instrumentation 
techniques selected for this work. 
2 Electrical resistance strain gauge 
The electrical resistance strain gauge is a resistive transducer that converts 
mechanical deformation (elongation or compression) into a change in 
electrical resistance. It consists of a fine wire that runs several times in parallel 
over the gauge area. When it is bonded to a surface and placed under a tensile 
force, the wire will stretch and become thinner. This will result in a resistance 
increment (see Fig. 3.1a). Conversely, if it is placed under a compressive force, 
it will broaden and shorten which results in a resistant decrement (see Fig. 
3.1b). The circuits are designed in such a way that this change in resistance is 
proportional to the applied strain value. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1 Schematic of the strain gauge working 
principle 
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Different strain gauge configurations can be used depending on the size of 
the region of interest, multi-axial deformation, material and environmental 
testing conditions. Strain gauges are connected in such a way that a 
Wheatstone bridge is completed. More details about this concept can be found 
in [3.1]. Part of the bridge is normally incorporated inside the conditioner 
which filters and amplifies the measured signal. Notwithstanding the 
previously explained working principle is based on a change in resistance, the 
direct output of the instrumentation is an electrical voltage. Both electrical 
parameters, resistance and voltage, are linearly related through Ohm’s law for 
constant current. With the appropriate calibration, the recorded voltage is 
converted into strain: 
ߝሺݐሻ ൌ ܸܽሺݐሻ ൅ ܾ																																																																																																																ሺ3.1ሻ 
With,	ߝሺݐሻ strain, ܸሺݐሻ the recorded voltage, t time and a and b calibration 
constants. 
In the elastic region stress (σ) and strain (ε) are linearly related through the 
Young’s modulus in accordance to Hooke’s law: 
ߪ ൌ ܧߝ																																																																																																																																				ሺ3.2ሻ 
Using these relations, the measured voltage can be easily converted into 
both strain and stress. 
Strain gauges have been proven to be extremely useful for local strain 
measurements during different kinds of fatigue experiments [3.4–3.9], even in 
corrosive environments [3.10]. 
In this work, strain gauges are used in chapter 7 for the quantification of 
bending stresses that arise during clamping of the specimens. To this purpose 
strain gauges of type Micro-Measurements L2A-06-125LW-120 and an 
analogue strain gauge amplifier Mantracourt SGA/D were used. 
3 Clip-on gauge 
Clip-on gauges are used to determine crack opening in a variety of fracture 
mechanics test specimens, including compact tension, arc shaped, disk shaped, 
bend specimens or other specimen geometries [3.11].  They consist of two 
flexible arms attached to a body and a case inside which all electrical 
connections are made (see Fig. 3.2a). Each arm is instrumented with two strain 
gauges (one at the top and one at the bottom) close to the body end. These 
strain gauges are connected according to a full bridge configuration (see Fig. 
3.2b).  
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During operation, the arms’ deformation will change, which induces a 
variation in the measured output voltage (V). Following an appropriate 
calibration procedure, this instrument gives a precise indication of the relative 
displacement of two accurately machined edges or knife edges (see Fig. 3.3a 
and  Fig. 3.3b respectively) [3.12].  
This relative displacement is called crack opening displacement (COD) and 
can be used for the estimation of the crack length (a) by means of a compliance 
analysis. The compliance equations that relate COD and a are geometry, load 
and material dependent. Standardized testing procedures [3.13] include a 
description of both geometries and associated compliance equations. 
 
 
 
Fig. 3.2 Clip-on gauge parts and full bridge connection 
 
Fig. 3.3 Clip-on gauge mounted on machined (a) and knife (b) edges 
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In this work,  a clip-on gauge Epsilon model 3541-005M-100M-LT with 5mm 
gauge length and measuring range from -1 to 10 mm was used for the online 
estimation of the crack length of the notched specimens included in chapters 
4,  6 and 8. 
4 Direct current potential drop 
 The direct current potential drop technique (DCPD) is a non-destructive 
technique often used to quantify fatigue damage in terms of crack initiation 
[3.1] and crack propagation [3.14–3.16]. Its working principle is based on the 
electrical potential rise caused by the section reduction of a current-carrying 
component being cyclically loaded. In other words, during fatigue crack 
propagation the specimen’s uncracked ligament reduces, which increases its 
local electrical resistance and consequently the voltage measured (V) between 
two probes positioned adjacent to the crack (PD probes) rises (see Fig. 3.4a). 
By monitoring the evolution of V, the crack growth can be estimated using a 
calibration curve adjusted to the tested geometry [3.17]. 
One important aspect is that during the test the ambient temperature will 
most probably not be constant. This influences the material’s conductance. In 
fact at higher temperature, the conductance of metals tends to decrease [3.18]. 
This unwanted effect modifies V and therefore the estimated crack length, a. 
To overcome this issue the “two-probes DCPD technique” is recommended 
[3.18]. In this case (at least) 2 additional probes are attached to the specimen in 
a region remote from the cracked region and measure a reference voltage Vref 
(see Fig. 3.4b).  
 
 
Fig. 3.4 One-probe (a) and two-probe (b) DCPD techniques 
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The reference signal (Vref) will be affected by temperature changes and other 
instabilities in a similar fashion as V but is not affected by the area reduction. 
The normalized potential drop will then only be function of the crack length 
in accordance to: 
ܸ
௥ܸ௘௙
	∝ ܽ																																																																																																																																ሺ3.3ሻ 
The accuracy of this method depends on a number of factors such as 
electrical stability, positioning of the current leads, quality of the electrical 
connections and applied current among others. Hence the use of 
experimentally obtained calibration curves is preferred [3.17]. A general 
expression to correlate measured potential drop and the crack length is the so 
called Johnson’s equation: 
ܸሺܽሻ
ܸሺܽ଴ሻ ൌ
coshିଵሺcoshሺߨܦଵଶ 4ܹ⁄ ሻcosሺߨܽ 2ܹ⁄ ሻ ሻ
coshିଵሺ coshሺߨܦଵଶ 4ܹ⁄ ሻcosሺ ߨܽ଴ 2ܹሻ⁄ ሻ
																																																																														ሺ3.4ሻ 
Where a0 and V(a0) are the initial crack length [mm] and the corresponding 
initial measured voltage [mV], W is the specimen’s width [mm] , D12 is the 
distance between probes [mm] (see Fig. 3.4b) and a and V(a) are the actual 
crack length [mm] and the corresponding actual measured voltage [mV] 
respectively. Notwithstanding being originally developed for CCT specimens, 
this equation can also be considered for SENT, CT, ESET and similar 
geometries. 
In order to apply the “two-probes methodology” to this formula, both V(a0) 
and V(a) should be divided by the initial and actual reference voltages 
respectively. 
For this project the used direct current power source was an autoranging 
Farnell AP60-150 with a maximum output power of 3kW. The measurement 
instrument used was a nanovolt meter Agilent 34420 with a continuous 
integrating measurement method (Multi-slope III A-D Converter) and a–D 
Linearity of 0.00008% of reading + 0.00005% of range. This instrumentation 
technique is used in chapters 5 and 8 for the damage quantification during 
fatigue testing and in chapter 7 for the estimation of the crack growth rate. 
5 Infrared thermography 
Infrared thermography is a contactless non-destructive technique that has 
been effectively used for low and high-cycle fatigue studies [3.19, 3.20], 
endurance limit and fatigue life estimation [3.21, 3.22], damage assessment of 
sound specimens subjected to variable amplitude fatigue [3.23] and detection 
of fatigue crack initiation and monitoring of crack growth [3.24, 3.25]. 
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The technique uses an infrared camera to measure the surface temperature 
evolution of the specimen’s region of interest. Due to the periodic deformation 
of the specimen, temperature variations arise. According to [3.26], this change 
in temperature can be caused by four factors, (1) the applied heat source, (2) 
the heat-transfer effect, (3) the thermo-elastic effect and (4) the inelastic effect. 
The thermodynamic equation governing the energy balance can be defined as: 
 
ρܥఌ ݀ܶ݀ݐ െ k
߲ଶܶ
߲ݔଶ ൌ T
߲ߪ
߲ܶ
݀ߝ௘
݀ݐ ൅ σ
݀ߝ௣
݀ݐ ሺ1 െ rሻ																																																															ሺ3.5ሻ 
With: 
 ߩ, material density [kg/m3] 
 ܥఢ, heat capacity at constant strain [J/kgK] 
 ܶ, temperature [K] 
 ݐ, time [s] 
 ݇, thermal conductivity [W/mK] 
 ݔ, represents an effective conduction length [mm] 
 ߪ, Cauchy stress tensor 
 ߝ௘, elastic strain tensor 
 ߝ௣, plastic strain tensor 
 ݎ, constant representing which part of the heat is converted into 
irreversibilities in the material structure 
In the previous equation, the left hand side represents the previously 
mentioned factors “applied heat source” and “heat-transfer effect” 
respectively. It is highlighted that heat transfer due to convection is not 
considered in this energy balance [3.26]. The first and second terms at the right 
hand side of the equation represent the thermo-elastic and inelastic effects 
respectively. When the material is subjected to a tensile elastic deformation, a 
decrease in temperature is evidenced. Opposite, if a compressive elastic 
deformation is applied, a rise in temperature is generated. This is known as 
the thermo-elastic effect. The inelastic effect is related to the heat generated 
from plastic deformation. As can be seen in equation 3.5, a fraction of that heat 
is irreversibly converted into energy distributed in the material structure. The 
inelastic effect always produces a temperature rise. 
According to this thermodynamic analysis, the temperature response of a 
cyclically loaded specimen will be a periodic signal [3.27]: 
௘ܶ௫௣ሺtሻ ൌ ଴ܶ ൅ ∆ ௧ܶ ൅ ଵܶ sinሺ߱ݐ ൅ ߮ଵሻ ൅	 ଶܶ sinሺ2߱ݐ ൅ ߮ଶሻ																																			ሺ3.6ሻ 
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Where ௘ܶ௫௣ሺtሻ is the overall temperature evolution; ଵܶ sinሺ߱ݐ ൅ ߮ଵሻ is the 
first harmonic component of the measured signal which is considered to be 
the temperature change due to the thermo-elastic effect; ଴ܶ ൅ ∆ ௧ܶ is the mean 
amplitude thermal evolution and ଶܶ sinሺ2߱ݐ ൅ ߮ଶሻ is the second harmonic 
component of the measured signal which is related to the inelastic effect, heat 
generated from internal friction and other noise factors. 
In this project, a camera InfraTec ImageIR 8340 thermographic system, 
with a 640 x 512 infrared-pixel focal-plane-array InSb detector, was used to 
record thermal data in real time. The thermal resolution of the camera is better 
than 25mK and its spectral range is 2–5 m. Thermography analysis using this 
instrument is done in chapter 5 for the estimation of a damage curve during 
fatigue testing. 
6 Beachmarking 
Beach marks, arrest lines or clamshell marks are a visual feature present in 
fracture surfaces of fatigue components that have been subjected to a change 
in stress ratio during a certain number of cycles. These marks are visible with 
the naked eye or with help of optical magnifiers and can sometimes be seen in 
failed components exposed to service loading [3.3]. In fact they are a strong 
motivation to define if fatigue is a component’s failure root cause [3.17]. 
These marks are created by a variation in the crack growth rate experienced, 
for example, after a sudden load level change or the introduction of a higher 
load ratio value.  
During fatigue testing, beach marks (bm) are induced by including at 
different moments a high R-ratio block load with the same maximum load 
value as the previous block (see Fig. 3.5). After a pre-defined number of cycles 
(nbm), the beach mark block is interrupted and the original or base sequence is 
continued. Each of these transitions generates a visual mark at the fracture 
surface as shown in Fig. 3.6. 
 
 
 
 
 
 
 
 
 
 
Fig. 3.5 Beach mark block load configuration 
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Typically an R ratio in between 0.7 and 0.9 is used during beach marking 
[3.28]. The problem of applying low stress ratios is that the marks might not 
be clearly visible. However, if a too large R ratio is used, undesired transients 
might occur between base line and beach mark blocks (e.g. crack tip blunting). 
This of course might represent a problem at rather high stress ranges. In [3.28] 
a general guideline on the application of beachmarking technique can be 
found. 
Commonly, this technique is used during fatigue testing in order to: 
 track the shape of the crack front [3.29] 
 calibrate other instrumentation techniques [3.30] 
 calibrate numerical simulations [3.31] 
 obtain a general idea of the crack growth rate at different testing 
stages  
7 Concluding remarks 
In this chapter the main instrumentation techniques used during this PhD 
project have been introduced.  
DCPD and infrared thermography have been employed simultaneously for 
on-line monitoring of damage evolution, which served as input for the 
application of state-of-the-art damage assessment methodologies. This topic is 
covered in Chapter 5.  
 
Fig. 3.6 Visible beach marks on a fracture surface of two fatigued 
specimens: (a) subjected to bending and (b) to tension [3.32] 
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DCPD, clip-on gauge and beach marking have been applied for both online 
and offline crack sizing in fracture mechanics based tests included in chapters 
6, 7 and 8.  
Strain gauges have been used mainly for the estimation of distortive stresses 
in specimens presented in chapter 8. 
Notwithstanding all techniques have been successfully applied to their pre-
defined purpose,  they are prone to some inherent limitations. For example, 
strain gauges give an accurate but very local strain field measurement. Clip 
gauges cannot be submerged in conductive fluids. DCPD is very sensitive to 
the probe positioning and needs very high currents to work properly for thick 
components and the use of infrared thermography is restricted to a minimum 
needed space and several materials are opaque for infrared radiation.  
The application of multiple instrumentation techniques during fatigue 
testing and the understanding of their limitations is important, firstly to find 
alternative methods for fatigue damage evaluation and secondly to develop 
crack detection and sizing methodologies suitable for on-site applications. 
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A B
323.9 323.9 mm
23.9 12.7 mm
Elongation at fracture 31.9 32.5 %
Yield stress (0.2%) 560 630 MPa
Tensile strength 635 680 MPa
Uniform elongation 8.7 7.4 %
Yield/tensile ratio 0.88 0.93 -
203 206 HV5
Temperature (°C)
0 322 312
-40 318 284
-70 - 164
-80 306 42
-90 290 -
C 0.080 0.113
Si 0.241 0.223
Mn 1.244 1.352
P 0.010 0.011
S 0.001 0.001
Cr 0.057 0.098
Mo 0.005 0.073
Ni 0.213 0.160
Al 0.024 0.032
Cu 0.053 0.154
Nb 0.035 0.021
Ti 0.024 0.004
V 0.073 0.001
Chemical analysis %
Property Steel Unit
External Diameter
Wall thickness
Tensile Test
Hardness (average)
Charpy impact test J
1 Introduction 
At the start of this project two high strength steel pipes were available. 
However their mechanical properties, chemical composition and 
microstructures were not documented. In order to classify the steels and 
further evaluate their suitability within the acceptability limits of offshore 
design codes a series of characterisation tests have been carried out. These 
included tensile tests, Charpy impact energy tests, hardness tests, 
microstructural evaluation and chemical composition.  
This chapter firstly focuses on the presentation of these results and their 
comparison with the scope of different offshore design codes in order to 
determine the most suitable industrial classification for these steel grades. 
Secondly, it addresses the description of basic fatigue properties of both 
steels, namely S-N and da/dn-ΔK curves.  This information is used in further 
chapters as experimental input and for comparison purposes. 
2 Properties of the evaluated steels 
Hereunder a brief description of the characterisation test results for both 
available steels is presented. Table 4.1 provides a detailed list of information. 
Table 4.1 Sumary of test results for both steels (A and B) 
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2.1 Material A 
Material A originates from a seamless pipe with external diameter of 323.9 
mm (12.75 inch) and a thickness of 23.8 mm (0.93 inch). The chemical 
composition reveals a micro-alloyed steel which contains as principal alloying 
additions Cr-V and as micro-alloying element Ti. Its microstructure consists of 
ferrite and pearlite (see Fig. 4.1), consequently it can be assumed that the 
material has been normalized. The tensile properties are: yield stress (ܴ݌଴.ଶ ൎ
ܴݐ଴.ହ) of 560 MPa, ultimate tensile strength of 635 MPa, uniform elongation of 
8.7%, elongation at fracture of about 31.9 % and a yield-to-tensile ratio of 0.88. 
The average hardness is 203 HV5 and the average Charpy impact energy value 
is around 320 Joules at 0 °C and it is approximately constant over  the entire 
temperature range evaluated. 
2.2 Material B 
Material B originates from a seamless pipe with external diameter of 323.8 
mm (12.75 inch) and a thickness of 12.7 mm (0.50 inch). The chemical 
composition shows a micro-alloyed steel which contains as principal alloying 
additions Cr-Cu and as micro-alloying elements Mo and Nb. Its 
microstructure consists of acicular ferrite and bainite (see Fig. 4.2). The tensile 
properties are: yield stress (ܴ݌଴.ଶ ൎ ܴݐ଴.ହ) of 630 MPa, ultimate tensile strength 
of 680 MPa, uniform elongation of 7.4%, an elongation at fracture of about 32.5 
% and a yield-to-tensile ratio of 0.93. The average hardness is 206 HV5 and the 
average Charpy impact energy value is around 310 Joules at 0 °C with a lower 
shelf value of 40 Joules at -80 °C. 
 
 
 
 
Fig. 4.1 Microstructure of material A 
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3 Standardized material classification 
For a further classification, the scope of different offshore design codes has 
been investigated and presented in [4.1]. 
All material designations have been defined, taking into consideration 
geometrical limits, mechanical properties, chemical composition and 
manufacturing methods. 
3.1 Material designation 
For this classification, an extensive comparison has been carried out among 
the following standards: 
 DNV-OS-B101 [4.2] which provides principles, technical requirements and 
guidelines for metallic materials to be used in the fabrication of offshore 
structures and equipment;  
 EN-10225 [4.3] and BS 7191 [4.4] which specify requirements for weldable 
structural steels to be used in the fabrication of fixed offshore structures in 
the form of plates and tubes; 
 API 2W [4.5] and API 2H [4.6] which cover high strength steel plates 
produced by thermo-mechanical controlled processing and carbon 
manganese steel plates for offshore platform tubular joints respectively 
 
 
 
 
 
 
Fig. 4.2 Microstructure of material B 
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The best suited designation was concluded to be in accordance to DNV-OS-
B101 [4.1]: 
Table 4.2 Material classification according to DNV-OS-B101 
material classification 
A NV F460 
B NV F500 
3.2 Conclusion 
The materials used in this work are two high strength steels equivalent to 
grades NV F460 and NV F500, often used in offshore structures. Their 
microstructures, illustrated in Fig. 4.1 and Fig. 4.2 consist of ferrite and pearlite 
for the NV F460 steel and acicular ferrite and bainite for the NV F550 steel. 
Their chemical compositions in weight percentage and their strength 
properties are presented in Tables 4.3 and 4.4 respectively. 
 
Table 4.3 Chemical compositions of NV F460 and NV F500 steels in wt. % 
Material C Mn Si P S Cu Ni Cr Mo 
NV F460 0.08 1.24 0.24 0.01 0.001 0.05 0.21 0.05 0.005 
NV F500 0.11 1.35 0.22 0.01 0.001 0.15 0.16 0.09 0.07 
 
Table 4.4 Strength properties of NV F460 and NV F500 steels  
Material Yield Stress, σy  [MPa] 
Ultimate Strength, σUTS 
[MPa] 
NV F460 560 635 
NV F500 630 680 
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4 Basic fatigue properties 
4.1 S-N curves 
In order to determine the fatigue endurance of both steels, hourglass shaped 
specimens according to ASTM E466 [4.7] have been designed. The specimens’ 
dimensions are shown in table 4.5 and Fig. 4.3. 
 
 
 
Table 4.5 Hourglass specimen 
dimensions [mm] 
  NV F460 NV F500 
D M20 M10 
Dc 8 4 
Cs 168 93 
Rc 100 52 
As 50 30 
B 45 25 
 
 
 
 
All specimens were mirror polished with sand paper in a sequence of 180, 
220, 350, 800, 1200 and 2400 grits for the NV F460 steel and 180, 220, 350, 800, 
1000 grits for the NV F500 steel in order to reduce stress concentration effects 
from surface roughness and thus to delay the fatigue crack initiation. 
All tests were carried out in laboratory conditions using an ESH 100 kN 
servo-hydraulic testing machine controlled by an MTS 810 system. The tests 
were performed in load-controlled mode at a stress ratio R = 0.1 and a 
frequency of f = 10 Hz. 
 
 
 
Fig. 4.3 Schematic of hourglass 
specimens 
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The specimens were subjected to constant amplitude fatigue loads with 
stress ranges between 430 and 500 MPa and between 450 and 550 MPa for steel 
grades NV F460 and NV F500 respectively. These tests were conducted until 
failure or 5x106 cycles in order to determine the fatigue limit σfl and the S-N 
curve of the material. Preliminary tests revealed an asymptotic behaviour of 
the S-N curve at approximately 5x106 cycles; the same value is considered in 
[4.8] and [4.9] to define the fatigue limit. 
From the tests results, the S-N curves of both materials corresponding to 
different survival probabilities (Ps) were obtained according to the ASTM E 
739-91 standard [4.10].  The data was linearly fitted using the least squares 
method. The logarithm of the fatigue life, log(N), was assumed to be the 
dependent variable in the linearized S-N curve. The fatigue limit σfl was 
defined as the horizontal extension of the endurance value at 5x106 cycles. The 
corresponding fatigue limit σfl at Ps 50% was defined as 443 MPa for steel 
NV F460 and as 462 MPa for steel NV F500. Assuming a normal distribution 
of the dependent variable, the fatigue limit at Ps 97.7% (σfl(97.7)) was obtained 
by shifting the mean curve over two standard deviations. The S-N curves were 
plotted on a semi-logarithmic scale according to the ASTM E 468-90 standard 
[4.11] (see Fig. 4.4 and Fig. 4.5). A summary of the S-N related material 
properties are displayed in table 4.6. These are the constants that fit the general 
(Basquin)  equation  (4.1) which describes the material fatigue endurance 
behaviour. 
	∆ߪ	௠ೄಿܰ ൌ ܥௌே																																																																																																																ሺ4.1ሻ 
 
 
 
 
 
Fig. 4.4 S-N curves for material NV F460 
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Table 4.6 Summary of material endurance properties 
Material mSN Log(CSN) Δσfl [MPa] 
NV F460 -23.2 68.1 443 
NV F500 -14.7 46.0 462 
It should be noted that the obtained “mSN” values are much larger than those 
reported in design codes such as DNV-RP-C203 (3 to 4 for steels). Most 
probably the root cause is the extremely high surface quality of the test 
specimens. Fatigue crack initiation will contribute significantly to the fatigue 
life resulting in a more horizontal S-N curve than for a less smooth surface 
where the fatigue life is dominated by crack growth [4.12]. These experimental 
“mSN” values should not be used for design purposes since the surface finish 
surface is not representative for structural components. 
4.2 Crack growth rate versus stress intensity factor curves 
In order to determine the fatigue crack growth properties of both steels, 
eccentrically-loaded single-edge crack tension (ESE(T)) fatigue specimens 
were designed according to the ASTM E647 standard [4.13] (see Fig. 4.6). 
All tests were carried out in laboratory conditions using the same ESH 
machine detailed in section 4.1. The tests were performed in ΔK-controlled 
mode at a stress ratio R=0.1 and a frequency f=10 Hz. The following equation 
is used for the calculation of the stress intensity factor: 
 
Fig. 4.5 S-N curves for material NV F500 
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With: ΔK stress intensity factor range [MPa(m)1/2], ΔP load range [kN], B 
specimen thickness [mm], W specimen width [mm] and F a geometry factor 
which is a function of the relative crack length (a/W). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A dedicated LabVIEW program was developed in order to calculate on-line 
the crack growth based on crack mouth opening displacement (CMOD) 
measurements. To this purpose the clip-on gauge technique described in 
chapter 3 was used. The CMOD is converted into crack length by means of the 
following compliance equation [4.13]: 
With: E Young’s modulus [GPa], v0 CMOD [mm],  and Mi constants 
obtained from [4.12]. 
as/W=M0+M1U+M2U2+M3U3+M4U4+M5U5                (4.3) 
 
 
Fig. 4.6 ESE(T) specimen geometry and dimensions [mm] 
U=[(EBv0/ΔP)1/2+1]-1                                        (4.4) 
ΔK=[ΔP/(B√W)]F                                                                                     (4.2) 
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As suggested in [4.12], the specimens were fatigue pre-cracked up to a 
minimum pre-defined crack length “apc” of about 50% of the specimen width 
(see Fig. 4.6). Visual confirmation of the crack length was obtained by means 
of a portable microscope. 
Fig. 4.7 and Fig. 4.8 show the obtained curves for both materials. The so-
called K-decreasing and K-increasing procedures detailed in the ASTM 647 
standard were followed in order to obtain near to the threshold and 
continuum crack growth rate values respectively. 
In total, four specimens of each material have been tested to this purpose 
and the mean of the measured values are plotted in Fig. 4.7 and Fig. 4.8. 
Additionally the resulting fitted curve (Paris law) and corresponding fitting 
parameters (mPL and CPL) of both steels are included in these charts.  The fitting 
parameters are summarized in table 4.8. The simplified da/dn-ΔK curve for 
steel specified in BS 7910 [4.13] is also plotted in these charts.  For this case and 
for the estimation of the ΔKth parameter according to BS 7910 [4.14], the 
following equation was used: 
With: ΔKth threshold stress intensity factor [MPa(m)1/2] and R the stress ratio.  
The similarity of the calculated (vertical red dashed line) and 
experimentally obtained threshold SIF ranges is worthwhile noticing. It 
should also be noted that BS limits the ΔKth of steels to 2 MPa(m)1/2 as shown 
in Figs. 4.7 and 4.8 (vertical black dashed line). 
ΔKth=0.0316*(170-214R)                                                       (4.5) 
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Fig. 4.7 da/dn-ΔK curve material A (NV F460) 
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Fig. 4.8 da/dn-ΔK curve material B (NV F500) 
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Table 4.8 Crack growth rate-ΔK curve fitting parameters 
Material mPL CPL 
ΔKth 
[MPa(m)1/2] 
NV F460 3.01 4x10-12 ~ 5 
NV F500 3.22 3x10-12 ~ 5 
BS 7910 3.00 2x10-11 4.7 
5 Summary 
In this chapter the tests carried out in order to derive the basic mechanical 
properties and chemical composition of two HSLA steels are introduced. 
Based on the obtained results a suitable classification as offshore structural 
steel is found.  
Further, fatigue tests results were displayed. S-N and crack growth related 
material constants are summarized. These results will be used in the following 
chapters as input for the development of testing methodologies and for 
results‘ comparison. 
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1 Introduction 
Fatigue testing is highly time consuming, especially when high, very-high 
or ultra-high cycle fatigue is being considered [5.1–5.3]. On top of that each 
test must be repeated several times in order to generate statistically trustable 
results which further extends the required testing timeframe. 
In general terms a fatigue test can be accelerated in several ways. The first 
approach is used in the investigation of variable amplitude fatigue. It is based 
on the assumption that no damage occurs for stresses below a certain limit 
(time analysis) [5.4, 5.5] or finding an equivalent (simplified) total energy 
density distribution associated with a shorter testing timeframe (frequency 
analysis) [5.6–5.8]. 
The second approach, increasing frequency, is widely used because of its 
simplicity. It is expected that this increment in frequency will not have a large 
influence on the fatigue life of steels. For steels, this is true up to frequencies 
of two to three digits [5.9] and without the interacting influence of other 
damage effects, e.g. the environment [5.10]. 
The third approach is the fast determination of relevant material fatigue 
properties such us the fatigue limit, or even the entire S-N curve with a limited 
number of specimens. This results in an important testing time reduction [5.11]. 
As highlighted in chapter 2, this approach is very relevant for a faster 
introduction of new generation materials in the design codes or validation of 
prototype structures. Therefore focus is on the description and enhancement 
of this last accelerated testing methodology. 
In the last two decades, Risitano [5.12, 5.13], La Rosa [5.12], Crupi [5.14], 
Luong [5.15], Wang [5.1] and  Lipski [5.16] (among others) have published 
several works related to the use of infrared thermography (IR) in order to 
determine the fatigue limit or even an entire S-N curve of a material using a 
(very) limited number of specimens. The feasibility of this methodology has 
been demonstrated for different (welded) structural steels, stainless steels, 
aluminium alloys and titanium alloys [5.11, 5.13, 5.17–5.19]. The main 
hypotheses are that (a) temperature stabilization will occur and (b) that the 
cumulative temperature increment up to failure is constant and can thus be 
obtained from a constant amplitude reference test. However, the feasibility of 
the IR thermography may be restricted due to available space, environment, 
temperature and lack of prior knowledge on the exact section where fatigue 
damage will occur.   
This highlights the importance of generating methodologies to 
accelerate fatigue testing. 
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The electrical potential drop (PD) technique is often used to quantify fatigue 
damage in terms of the crack growth rate. It can be used in different 
environments [5.17, 5.18] and is also less sensitive to changes in the 
environment (e.g. temperature variations). It is however limited to conductive 
materials and therefore not directly feasible for a wide range of glass, plastic 
or ceramic materials. To overcome this restriction one could use an electrically 
conductive coating at the specimen’s surface [5.19]. 
Based on the fact that both instrumentation techniques allow to quantify the 
damage evolution during the fatigue process, the suitability of using PD in 
established methodologies for IR is investigated in this chapter. 
Section 2 provides a brief explanation of the thermal analysis used to 
determine the fatigue limit and the S-N curve. The development of a novel 
potential drop methodology as an alternative to the infrared approach is 
discussed in section 3. The experimental procedure, materials tested and 
instrumentation used are described in section 4. Section 5 compares the S-N 
curves obtained from the traditional methodology  (presented in chapter 4) 
with these obtained from the thermal and electrical approaches (detailed in 
this chapter). Finally, conclusions are formulated in section 6. 
2 Fast determination of an S-N curve based on IR 
thermography (energetic approach) 
In order to establish a basic S-N curve (constant amplitude loading in air), 
the fatigue limit (σfl) and the number of cycles (N) up to failure for different 
stress ranges (Δσ) must be defined. Fig. 5.1 schematically shows a typical linear 
S-N curve for steels subjected to constant amplitude (CA) cyclic loading. 
 
Fig. 5.1 Schematic illustration of S-N curve for steel subjected to 
constant amplitude (CA) and variable amplitude (VA) loading 
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As indicated in chapter 2, the fatigue limit is defined as the minimum stress 
level below which no damage is produced. However it has also been 
highlighted that in the very high cycle fatigue (VHCF) regime or variable 
amplitude (VA) cyclic loading, fatigue failure can occur at stress ranges below 
the classical fatigue limit [5.20, 5.21].  In such cases a bi-linear curve (dashed 
line in Fig. 5.1) is normally advised. The curve can be defined by the 
irreversible limit concept that will be introduced later. Further in this chapter, 
fatigue limit refers to the classical fatigue limit concept or knee-point in the bi-
linear fatigue curve and irreversible limit is used for the lower boundary of the 
bi-linear fatigue curve. 
The traditional approach to define an S-N curve is material and time 
consuming. Alternatively, an IR thermography based methodology can be 
used to determine the fatigue limit and the entire S-N curve with a reduced 
number of specimens [5.12]. The fatigue limit is derived from the analysis of 
the stabilized thermal evolution at the surface of a specimen subjected to a 
block loading scheme with stepwise increase of stress range (see Fig. 5.2a). The 
temperature at the start of the test (T0) is considered as lower boundary and 
each temperature increment is calculated based on this value (ΔTsi = Tsi-T0). 
As can be observed in Fig. 5.2b, two regions are separated by a dashed line. 
Stress values in the left region result in a limited temperature increment after 
a new loading block has started. No or a limited amount of fatigue damage is 
generated at the corresponding load levels. This region is therefore defined as 
low dissipated energy (LDE) region. For stress levels in the right region, a 
 
Fig. 5.2 (a) Typical stepwise fatigue loading scheme and surface 
temperature evolution as function of testing time. (b) Temperature 
evolution at the surface of a specimen versus the loading levels of Fig. 5.2a 
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higher temperature increment is evidenced which is interpreted as significant 
damage generation. This region is therefore defined as high dissipated energy 
(HDE) region. 
Based on this observation, different authors [5.2, 5.22] defined a fatigue limit 
value at the transition between the LDE and HDE regions (σflO, see Fig. 5.3). In 
[5.12] Risitano established a methodology to quickly estimate this parameter 
based on a direct (linear) relation between the stabilized temperature 
increment (ΔTs) and the stress range (Δσ) in the HDE region (σflR, see Fig. 5.3). 
From the intersection of the linear extrapolation of this curve and the abscissa, 
the fatigue limit can be obtained. 
 
 
 
 
 
 
 
 
 
 
 
 
Interestingly, in [5.5] a second threshold level (called micro-plasticity 
threshold) for the stress range was defined as “the irreversible stress range 
(σirTM)”. This parameter is reported to be slightly lower than the classical 
fatigue limit and is triggered by early fatigue activity (permanent dislocation 
movements) at a microscopic scale. This micro-plasticity threshold value can 
therefore be seen as a physical fatigue omission level for a given 
microstructure [5.5, 5.23, 5.24]. The adopted approach to estimate this 
parameter is finding the point of slope variation in the low dissipated energy 
(LDE) region of the ΔTs - Δσ curve (see Fig. 5.3). This limit might be of relevance 
for the investigation of variable amplitude and ultra-high cycle fatigue. It can 
be taken as a reference point in the development of the bi-linear S-N curve 
 
Fig. 5.3 Fatigue limit according to different authors 
and definition of the irreversible fatigue limit 
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Summarizing, this line separates those stress levels that might 
generate a noticeable amount of damage from those that do not. This 
corresponds to the definition of the fatigue limit.  
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Φ R*= N* TSR*                                                               (5.2) 
Φ i= ni TSi                                                            (5.3) 
 
Fig. 5.4 S-N curve obtained from the thermal analysis 
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And: 
often included in the design codes for such purposes [5.25]. Additionally, it 
can be taken as a cut-off level in order to separate in a spectrum those stress 
values below which no damage will occur from those that might generate 
damage. In this way the testing time can be highly reduced [5.5]. 
Independently of the chosen method, once the fatigue limit is obtained, the 
S-N curve can also be estimated from the so-called “stepped loading procedure” 
[5.26]. As illustrated in Fig. 5.4, each stress range (Δσi) is linked to a particular 
temperature increment (Tsi). It is hypothesized that temperature stabilization 
occurs and that the cumulative temperature increment up to failure (Φ - area 
below the curve ΔT-N) is constant and can be obtained from a constant 
amplitude reference test. Knowing this parameter and the stabilized 
temperature increment for different stress levels, the corresponding number 
of cycles up to failure (Ni) in case of constant amplitude loading can be 
calculated based on the following approximation [5.26]: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This approximation is only valid if the number of cycles up to temperature 
stabilization is much smaller than the total number of cycles up to failure [5.23].  
Ni = ni (Φ R*/ Φi)                                                    (5.1) 
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Fig. 5.5 Surface temperature and voltage evolution of a specimen 
subjected to constant amplitude fatigue loading 
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Additionally, since experimental fatigue test results have always a certain 
degree of scattering, a statistically relevant number of test repetitions 
(minimally 3) should be carried out. 
This thermographic method has been demonstrated to be very useful for 
the rapid determination of the fatigue curve not only for plane material but 
also in connecting rods [5.1], welded details [5.14] and specimens used to 
evaluate notch sensitivity [5.1]. In addition, it has been proven to be a robust 
tool for the detailed investigation of the very high cycle fatigue regime [5.27–
5.33]. 
Its use might however be limited to a certain extent, due to the surrounding 
environment, temperature and accessibility of the test specimen.  
Other attempts to evaluate fatigue damage by measuring physical 
parameters have been reported in [5.34] making use of strain gauges in 
polymers, in [5.35] measuring the electrical resistance change in steel, and in 
[5.2] and [5.36] using acoustic emission for respectively composites and steel. 
However none of these works focused on the estimation of the S-N curve as 
described higher. 
3 Fatigue damage quantification based on the 
electrical potential drop technique 
 Inspired by the above and based on the fact that the structural 
modifications caused by cyclic loading of steel manifest themselves by changes 
in mechanical, electrical, magnetic and thermal properties [5.37, 5.38], some 
preliminary fatigue tests using the potential drop instrumentation technique 
have been performed. It was evidenced that both surface temperature and 
voltage readings followed the same (increasing) trend when a fatigue loading 
block was applied (see Fig. 5.5).  
 
 
 
 
 
 
 
Therefore the evaluation of alternative instrumentation techniques 
able to quantify the fatigue deterioration under such circumstances is 
motivated. 
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FVi=(Vi/Vref)V0                                                                     (5.4) 
 
Based on this observation it was hypothesized that the electrical approach 
(PD technique) could be used as an alternative to the thermal method (IR 
technique). For this purpose a series of specimens were instrumented as 
shown in Fig. 5.6. During the tests, direct electrical current (in between 20 and 
30 Amps) was injected in the specimen and voltage changes (up to an order of 
magnitude of 200 microvolts) at two locations were recorded. As it can be seen 
in Fig. 5.7, V is measured across the region of interest whilst the Vref signal is a 
reference voltage measured in a “remote” region. As explained in chapter 3, 
this reference signal is believed to change only due to the action of external 
noise factors like environmental temperature or heat generated from the grips 
(schematically shown in Fig. 5.7). 
 
 
 
Both voltages were divided and re-scaled considering V0 as base value, 
leading to a so-called filtered voltage (FVi, see equation 5.4 and Fig. 5.8a). 
Doing so, the noise generated by external sources was reduced. Inspired by 
the methodology developed by Risitano, the increments in filtered voltage are 
plotted against applied stress range to determine the fatigue limit (see Fig. 
5.8b). 
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Fig. 5.6 Illustration of PD 
instrumentation on hourglass 
fatigue specimen 
Fig. 5.7 Schematic of the 
measured electrical signals 
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4 Experimental procedure 
Both high strength steels introduced in the previous chapter, NV F460 and 
NV F500, have been used for this feasibility study. 
Based on the hourglass specimen introduced in chapter 4, a modified 
specimen geometry is defined  (Fig. 5.9) to determine the S-N curves based on 
both the IR and PD methods. In the new configuration the length of the non-
reduced section is made longer to allow the electrical current to flow 
homogeneously through the specimen. The dimensions are shown in Table 5.1 
and Fig. 5.9. The tested specimens were mirror polished up to a roughness (Ra) 
of approximately 0.02 micrometres and 0.06 for material NV F460 and NV F500 
respectively following the same procedure as detailed in chapter 4. 
 
Fig. 5.86 (a) Schematic of the filtered signal. (b) Fatigue limit and definition of 
the irreversible fatigue limit after application of the PD technique 
σirPD σflPD σ [MPa]
ΔVs [V]
Cycles, n
Filtered voltage 
[V]
VS1
V0
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ΔVS6
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a b
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Table 5.1 Hourglass specimens   
dimensions (long version) [mm] 
  NV F460 NV F500 
D M20 M10 
Dc 8 4 
Cl 250 140 
Rc 100 52 
Al1 65 40 
Al2 117 65 
B 45 25 
 
 
 
 
 
 
 
All tests were carried out in laboratory conditions using an ESH servo-
hydraulic system equipped with a load cell of 100 kN capacity. The tests were 
performed in load-controlled mode at a stress ratio R = 0.1 and a frequency of 
f = 10 Hz. Long specimens were used in two series (per material) of fatigue 
tests with stepwise increasing loads, with the purpose of rapidly determining 
the fatigue limits σflTM and σflPD, and the S-NTM and S-NPD curves of the material. 
The stress ranges and number of cycles per block applied in these test series 
are summarized in Tables 5.2 and 5.3. 
 
 
 
 
 
Fig. 5.97 Schematic of hourglass 
specimens (long version) 
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Fig. 5.108 Specimen ready to be 
tested 
 
Table 5.2 Stepwise loading procedure (NV F460) 
 
 
Table 5.3 Stepwise loading procedure (NV F500) 
 
 
The gauge section of these specimens was black matte painted to reduce its 
light reflection (see Fig. 5.10). During the fatigue tests, the InfraTec ImageIR 
8340 thermographic system presented in chapter 3 was used.  In parallel, two 
pins and 4 cables were spot welded to the specimen surface for injection of 
direct current (35A for the NV F460 specimens and 20A for the NV F500 
specimens) and to record the voltage evolution during a test at two different 
locations (see Fig. 5.10). For this purpose, the PD equipment described in 
chapter 3 was used. 
 
Stress range (Δσ) 
[MPa] 
Block 
number 
Block 
length        
[Cycles] 
360 1 15000 
390 2 15000 
410 3 15000 
430 4 15000 
450 5 15000 
470 6 15000 
480 7 15000 
490 8 15000 
495 9 15000 
500 10 15000 
Stress range (Δσ) 
[MPa] 
Block 
number 
Block 
length        
[Cycles] 
300 1 20000 
350 2 20000 
400 3 20000 
430 4 20000 
460 5 20000 
490 6 20000 
510 7 20000 
530 8 20000 
550 9 20000 
560 10 20000 
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5 Results and discussion 
5.1 Traditional approach 
The obtained S-N curves using the “traditional” testing approach were 
presented in chapter 4. They will be further used as benchmark. 
5.2 Thermal and electrical methods 
5.2.1 Fatigue limit analysis 
The first step in the application of both methods is the determination of the 
temperature and filtered voltage increments (ΔTsi and ΔVsi) corresponding to 
different stress ranges Δσi. The values of these increments correspond to the 
stabilized average temperature and filtered voltage values. An example of ΔT-
n and ΔV-n evolutions are shown in Fig. 5.11 and Fig. 5.12 respectively.  
 
Fig. 5.12 ΔV-n curve for material NV F-460 
 
Fig. 5.11 ΔT-n curve for material NV F-460 
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Fig. 5.139 ΔT-Δσ curve for steel NV F460 
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Fig. 5.1410 ΔV-Δσ curve for steel NV F640 
 
As it can be seen, both instrumentation techniques were able to detect 
changes in a physical property (temperature versus voltage drop) imposed by 
the increment in applied load. 
Based on the thermal and electrical potential evolutions, both ΔTs-Δσ and 
ΔVs-Δσ charts are plotted and illustrated in Figs. 5.13/5.14 and Figs. 5.15/5.16 
respectively. In both cases, only small changes in temperature and voltage 
occur at lower stress range levels (360-430 MPa and 300-460 MPa for steel 
grades NV F460 and NV F500 respectively). At higher stress levels (450-500 
MPa and 490-570 MPa for steel grades NV F460 and NV F500 respectively), 
both the thermal and electrical activity start to increase much faster.  
The irreversible fatigue limit was determined using both instrumentation 
methods (ΔσirTM and ΔσirPD). Risitano’s method was used to obtain the fatigue 
limits based on the IR technique. The results are shown in Figs. 5.13, 5.14, 5.15 
and 5.16 . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5  5.15 
 
 
Fig. 5.1511 ΔT-Δσ curve for steel NV F500 
 
 
Fig. 5.1612 ΔV-Δσ curve for steel NV F500 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Irreversible stress range limits of approximately 395 MPa for steel NV F460 
and 360 to 365 MPa for steel NV F500 were found.  Since the methodology 
used to obtain these values is clearly influenced by the person performing the 
post-processing, the development of a more systematic approach would be a 
benefit. One possible approach is to define the irreversible stress range when 
an increment of the filtered signal in the order of magnitude of around 1 to 2% 
is achieved. A second possible approach is to define it as a fixed percentage of 
the stress range related to the first detected deviating measurements 
(temperature or voltage), e.g. 2-5% of 390 MPa in Figs. 5.13/5.155.14 and of 365 
MPa in Figs. 5.145.15/5.16 for NV F460 and NV F500 respectively. However a 
more detailed study must be carried out to strengthen these hypotheses. 
For the thermal approach (Figs 5.13 and 5.15), the fatigue limits were 
determined (according to Risitano’s method) to be σflIR=440 MPa for steel NV 
F460 and σflIR=456 MPa for steel NV F500. For the electrical approach (Figs. 5.14 
and 5.16), the fatigue limits were determined to be σflPD= 442MPa for steel NV 
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Fig. 5.1713 %ΔT vs. %ΔV curve for steel NV F460 
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Fig. 5.1814 %ΔT vs. %ΔV curve for steel NV F500 
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F460 and σflPD=459 MPa for steel NV F500. In all cases the data of the high 
dissipated energy region (with the exception of the highest point) were 
linearly fitted using the least squares method. Since the accuracy of the method 
depends on the chosen number of data points, a sensitivity analysis is included 
in Appendix A. The difference between the results of both methodologies was 
evaluated by plotting the temperature increments, respectively filtered voltage 
increments, at each stress level as the percentage of their maximum values 
achieved during the block loading (see Figs. 5.17 and 5.18). Both techniques 
show good correlation in the low stress range region. At higher stress levels, 
the infrared technique results in higher values. This is believed to be caused 
by the fact that the measurements with the infrared unit were taken locally at 
the region where fatigue damage initiates (smallest diameter section), while 
the potential drop is measured between pins welded in remote sections to 
avoid inserting a potential fatigue initiation spot in the weakest section. 
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Fig. 5.1915 S-N curve for steel NV F460 based on the IR approach 
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5.2.2 S-N curves 
As explained higher, the energy approach allows to obtain an entire S-N 
curve in a rapid way based on stepwise loading tests. Fig. 5.19 to Fig. 5.22 show 
the curves corresponding to both steel grades obtained by the infrared and 
potential drop approaches respectively. Both the 50% and 97.7% survival 
probability curves are drawn as explained higher. The most important 
parameters obtained from both the electrical and thermal analysis and from 
the traditional approach are summarized in table 5.4. 
 
 
Considering that the estimated fatigue limits from the traditional 
approach (chapter 4) were 443MPa and 462 MPa for materials NV F460 
and NV F500 respectively, a very good correlation is achieved (see table 
5.4).  
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Fig. 5.2017 S-N curve for steel NV F460 based on the PD approach 
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Fig. 5.2116 S-N curve for steel NV F500 based on the IR approach 
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Table 5.4 Summary of fatigue limits and irreversible stress ranges 
  σfl(50%) [MPa] Δσirrev [MPa] 
Method NV F460 NV F500 NV F460 NV F500 
Traditional 443 462 - - 
Infrared 440 456 395 360 
Potential Drop 442 459 395 365 
5.2.3 Comparison of the different approaches 
Fig. 5.23 and Fig. 5.24 show the comparison between the traditional S-N 
curves and those predicted by both energy approaches. The percentage 
differences (δ%) between the S-N curve constants mSN (the negative inverse 
slope of the S-N curve in semi-logarithmic scale) and CSN (a material constant) 
from all analyzed methods are summarized in Table 5.5. For example the 
percentage difference between the slope mIR from the infrared (IR) and the 
slope mTR from the traditional (TR) approaches is calculated as: 
 
 
 
Fig. 5.2218 S-N curve for steel NV F500 based on the PD approach 
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Fig. 5.2319 Visual comparison of the S-N curves obtained from 
traditional, IR and PD methods 
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Fig. 5.2420 Visual comparison of the S-N curves obtained from 
traditional, IR and PD methods 
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Table 5.5 Percentage difference between S-N curve constants 
 
As can be concluded from the table, the slopes (mSN) of the curves predicted 
with the thermal and electrical analysis are slightly higher than those from the 
traditional method and the fatigue limits are slightly lower. 
 
Each S-N curve obtained from the traditional method  demanded more than 
25 days to be concluded. Each S-N curve obtained with the proposed energetic 
methodologies demanded less than 4 days with post-processing included. 
This illustrates the gain in testing time going from the conventional to the 
energetic approach. 
6 Conclusions 
In this chapter, experimental methodologies to determine the fatigue limit 
and an energetic approach for rapid determination of the entire S-N curve 
were briefly explained. Inspired by reported thermographic approaches and a 
similar evolution of surface temperature and voltage measurements during 
fatigue testing, similar methodologies based on the potential drop technique 
have been suggested.  
To prove the feasibility of these concepts and the correlation between 
instrumentation techniques, the S-N curves of two offshore steel grades 
(equivalent to NV F460 and NV F500) were obtained using the traditional and 
both energetic (IR and PD) approaches. Therefore temperature and voltage 
were recorded on hourglass specimens during series of stepwise increasing 
load fatigue tests. Increments of these parameters could be related to the 
damage evolution associated with the fatigue process. An excellent agreement 
between both energetic methods and the traditional one was evidenced by 
comparing the so determined fatigue limits and S-N curves. 
 
Material Method m SN δ% m log (C SN ) δ% log(C SN ) σ fl(50%) δ% σfl(50%) σ fl(97.7% δ% σfl(97.7%)
Traditional 23.2 - 68.1 - 443 - 439 -
Infrared 21 9.5 62.2 8.7 440 0.7 434 1.1
Potential Drop 22.3 3.9 65.7 3.5 442 0.2 436 0.7
Traditional 14.7 - 46 - 462 - 457 -
Infrared 13.5 8.2 42 8.7 456 1.3 446 2.4
Potential Drop 14.1 4.1 44 4.3 459 0.6 449 1.8
NV F460
NV F500
In any case an almost excellent agreement between techniques is 
evidenced.  
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1 Introduction 
As detailed in previous chapters, offshore structures are subjected to 
complex variable amplitude (VA) cyclic loading conditions. Summarising 
section 2 of chapter 2, if on the one hand stress peaks (overloads-OL) are 
dominant, crack growth retardation or even crack arrest might be expected 
[6.1–6.4]. If on the other hand stress valleys (underloads-UL) are dominant, 
crack acceleration might occur [6.5–6.7]. The acceleration effect of underloads 
is reported to be less significant than the retardation caused by an overload and 
in symmetrically random sequences these counteracting effects tend to cancel 
out each other [6.8, 6.9]. 
These general trends and conclusions have mainly been evaluated 
considering materials and loading conditions representative of the aircraft 
industry [6.10]. A limited number of investigations on fatigue block loading 
effects for advanced and new generation steels were carried out, most of them 
related to aerospace applications. In any case there is no clear consensus among 
the analysed literature [6.11–6.16]. This point is important since as explained in 
chapter 5, load data reduction from on-site measurements has gained relevance 
in the last decade in order to reduce testing and simulation time [6.17–6.19]. 
This also includes in some cases the identification of important load events and 
their re-location as equivalent damage blocks [6.19]. 
To this purpose a simplified experimental framework was designed. It starts 
with the selection of typical load conditions from a database containing 
measurements of peak periods (Tpi) and significant wave heights (Hsi) from the 
North Sea. Load events are then converted into stress intensity factor events of 
a hypothesized notched component. Both steel grades presented in chapter 
three have been subjected to variable amplitude block loads using ΔK 
controlled procedures. The experiments focused on three block sequences: low-
high, low-high-low and semi-random. 
Section 2 focuses on the motivation and description of the experimental 
program which is detailed in section 3. Section 4 presents the results of the 
different variable amplitude block loading tests carried out, in terms of relative 
crack length and crack growth rate curves. A quantification of the evidenced 
interaction effects is given by means of a deviation factor. In section 5 the 
concept of delay number of cycles [6.20] is applied for a deeper understanding 
of the results. Section 6 briefly compares the experimental results obtained in 
the first part of this chapter and the predictions of 5 linear and non-linear 
Hence a profound insight in the effects of block sequences and load 
conditions representative for the North Sea would be beneficial for the 
offshore industry. 
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damage models researched in [6.44] and [6.55]. Finally, conclusions are 
presented in section 7. 
2 Estimation of representative stress intensity factors 
for a virtual monopile structure 
Chapter 1 detailed different structural configurations (monopile, jacket, 
gravity-based, semisubmersible e.g.) used for the construction of offshore 
structures. Amongst them, monopiles are widely chosen for the wind energy 
industry [6.21–6.24]. In fact, by the end of 2016 almost 81% of the grid-
connected offshore turbines in Europe were mounted on monopile 
substructures [6.25]. Due to its wide use and calculation simplicity, this type 
has been adopted for this work. 
The second step in this research is to define a series of stress intensity factor 
(SIF) ranges of statistical relevance and representative for the North Sea wave 
load conditions. In other words, to define ΔK blocks that can be expected in 
service. Thereto a reference structural configuration has to be selected. The 
chosen pile diameter (DM) and thickness (tM) were defined after a basic 
structural analysis detailed in [6.26] and summarized in table 1.2 (see also Fig. 
6.1). Two steel grades defined as NV F460 and NV F500 for which the material 
properties (and specimen geometries) are given in chapter 4 are evaluated in 
this chapter. For each steel grade a different thickness is defined whilst the pile 
diameter remains constant. The higher steel grade will require a thinner wall as 
the global geometrical configuration and loading conditions are equal for both 
cases. 
Table 6.1 Calculated maximum stresses (limit state) and assumed pile 
geometry. 
Material σmax [MPa] DM [m] tM [mm] 
NV F460 (A) 476 8.27 24.5 
NV F500 (B) 536 8.27 20.6 
In Table 6.1, σmax refers to the maximum allowable design stress and is 
calculated considering a utilization factor (ratio of maximum allowed stress to 
yield strength) of 0.85 [6.27]. 
Using the information displayed in Table 6.1 and assuming an external semi-
elliptical surface crack [6.28], an estimation of the maximum expected stress 
intensity factor for this particular limit state can be obtained. The assumed 
notch location is shown in Fig. 6.1. Notwithstanding this section has been 
chosen due to the presence of the  maximum bending moment, the possible 
effects that might arise due to interaction with the environment are not 
considered in this work. Since this work intends to be a virtual case study 
focused on fatigue, additional failure modes such as buckling are not 
Chapter 6  6.5 
 
considered and the suggested design obviously does not comply with all design 
standard provisions. 
The semi-elliptical notch shape has been chosen as first estimate for this 
analysis. Initially micro-cracks will initiate at several positions, e.g. along the 
weld toe, and with time they will tend to grow and merge. Later and 
independently of the initial notch shape, flaws subjected to a governing 
bending moment will tend to grow into a semi-elliptical shape [6.29]. The 
position of the notch has been chosen due to the presence of the maximum 
bending moment. It is however unclear if this region normally tends to be more 
susceptible to cracking than e.g. the splash zone. For the SIF range 
quantification the stress intensity factor solution given in FITNET [6.30] for an 
external semi-elliptical surface crack subjected to bending was used: 
With σmax maximum bending stress [MPa], adc critical crack depth [mm], 2cc 
critical crack length [mm], tM monopile thickness [mm], ri inner monopile 
radius [mm] and fbg a geometrical function. The critical crack depth has been 
 
Fig. 6.1 Monopile general dimensions and main geometrical feature 
locations. M.H.H.: maximum hub height, E.L.L.: equivalent load line, M.W.L.: mean water 
level and S.B.L: sea bed level 
S.B.L. 0m
Force (total)
Assumed 
notch location
DM 8.27m
M.W.L. 15m
E.L.L. 70m
M.H.H. 120m
Kmax=[σmax fbg (adc/tM,adc/2cc, tM/ri)]√(πadc)                                   (6.1) 
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chosen equal to 2/3rd of the component thickness. This choice is motivated as 
a serviceability limit; e.g. the NORSOK standard N-006 [6.31]  states that repair 
by grinding can be performed to remove cracks that are up to 60 % of the plate 
thickness. 
The solutions of equation 6.1  for both materials are summarized in table 6.2. 
Table 6.2 Estimation of the stress intensity factor for an imposed limit state 
Material ac [mm] ac/2cc ri [m] KImax [MPa(m)1/2] 
NV F460 (A) 16.3 0.5 4.14 65 
NV F500 (B) 13.7 0.5 4.14 68 
Of course this analysis represents a hypothetical limit state. To get an insight 
into more realistic dynamic environmental loading states, the North Sea wave 
databank of the decade 2003-2013 [6.32] “Meetnet Vlaamse banken 
Hydrometeo” obtained from the Hydrographic Flemish Institute was analyzed. 
From this analysis a series of sea state parameters, namely significant wave 
height (Hs) and peak period (Tp), were organized according to the categories 
displayed in table 6.3. 
Table 6.3 Sea state categories according to real wave data 
Category Description 
Hsmax (5.43m) Maximum significant wave height. 
Tpmax (32s) Maximum peak period. 
Hsmin (0.16m) Minimum significant wave height. 
Tpmin (1.72s) Minimum peak period. 
Hs and Tp mean Combination of the mean significant wave height and mean peak period. 
Hs<1m Average of the significant wave heights lower than 1m (60% of the recorded values). 
Hs>1m and Tp >5s 
Average of the significant wave heights higher than 
1m and peak periods higher than 5s (25% of the 
recorded values). 
Hs>1m and 3s> Tp >5s 
Average of the significant wave heights higher than 
1m and peak periods in between 3s and 5s (7.5% of the 
recorded values). 
Hs> 2m and Tp>5s 
Average of the significant wave heights higher than 
2m and peak periods higher than 5s (4% of the 
recorded values). 
Highest Hs Average of the highest significant wave heights (0.5% of the recorded values). 
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Using a Matlab toolbox developed in [6.33], a resultant equivalent force on a 
slender pile structure based on the JONSWAP spectrum [6.34] for each of the 
listed categories in table 6.4 can be obtained. In order to also consider the wind 
action, a similar wind distribution as the one proposed in [6.27] was used. The 
action of sea currents was not considered as their frequencies are generally not 
sufficient to dynamically excite the structures [6.35]. The obtained equivalent 
forces, bending stresses at the bottom of the pile and stress intensity factors 
(assuming the previously described SIF range calculation) for each of these 
categories and both materials are displayed in table 6.4. 
Table 6.4 Forces, bending stresses and stress intensity factors for each of the 
selected categories. 
Category F(total) [kN] 
Mat A Mat B 
σbg 
[MPa] 
ΔKI 
[MPa(m)1/2] 
σbg 
[MPa] 
ΔKI 
[MPa(m)1/2] 
Hsmax (5.43m) 3920 243 32.2 286 37.5 
Tpmax (32s) 49 3 0.4 4 0.4 
Hsmin (0.16m) 98 6 0.8 7 0.9 
Tpmin (1.72s) 245 15 2.0 18 2.0 
Hs and Tp mean 785 49 6.4 57 7.2 
Hs<1m 353 22 2.9 26 3.3 
Hs>1m and Tp >5s 1196 74 9.8 87 11.0 
Hs>1m and 3s> Tp >5s 980 61 8.0 71 9.0 
Hs> 2m and Tp>5s 1763 110 14.0 129 15.7 
Highest Hs 2743 170 22.8 200 28.0 
It can be seen that some of these ΔK values are far below the expected 
threshold SIF range (ΔKth), which for steels in air normally lies in between 4.6 
and 8 MPa(m)1/2 [6.36]. Therefore they will not be considered for further 
analysis in this work. Additionally, the maximum estimated ΔK value is much 
lower (around 50%) than that one obtained after the limit state assessment. Due 
to its very low probability of occurrence the latter was not included in the 
testing procedures. It should be noted that the effect of R is not included in this 
work 
3 Experimental program 
In order to investigate the VA interaction effects created by changes in block 
load amplitude, the remaining SIF ranges (underlined in table 6.4) were re-
ordered according to three different block sequences. To the same purpose, the 
ESE(T) specimens introduced in chapter 4 were used. 
In the following defined block sequences are introduced in this order: low-
high (L-H), low-high-low (L-H-L) and semi-random (SR). Their characteristic 
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Fig. 6.2 Schematics of the L-H 
sequence for material A 
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Fig. 6.3 Schematics of the L-H 
sequence for material B 
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parameters are presented in tables 6.5.1 and 6.5.2 (L-H sequence for materials 
A and B respectively), tables 6.6.1 and 6.6.2 (L-H-L sequence for materials A 
and B respectively) and tables 6.7.1 and 6.7.2 (SR sequence for materials A and 
B respectively). In these tables “Ref. da/dn” indicates the crack growth rate of 
each predefined SIF range according to the da/dn versus ΔK curves obtained for 
each material and presented in the following section. Δa refers to the desired 
crack length per block and a/W is the crack length to specimen width ratio at 
the end of each block with the exception of block 0 which shows the initial crack 
length. 
3.1 Testing procedure L-H sequences 
The first tested VA sequence is of the L-H type (see Figs. 6.2 and 6.3) and was 
selected to evaluate the possibility of crack growth acceleration. The block 
stress amplitudes and reference crack growth rates are displayed in tables 6.5.1 
and 6.5.2. 
Table 6.5.1 Low-high block sequence mat. A 
Block ΔK [MPa(m)1/2] 
Δa      
[mm] a/W 
Ref. da/dn 
[m/cycle] 
0 - - 0.567 - 
1 8.0 0.08 0.568 2.10x10-09 
2 9.8 0.10 0.570 3.90x10-09 
3 14.0 1.00 0.586 1.17x10-08 
4 22.8 4.50 0.660 5.21x10-08 
5 32.2 3.30 0.715 1.50x10-07 
 
Table 6.5.2 Low-high block sequence mat. B 
 
 
3.2 Testing procedure L-H-L sequences 
The second tested sequence is of the type L-H-L as shown in Figs. 6.4 and 6.5. 
The first part of these sequences (L-H) is similar to the previous case. For the 
second part (H-L) it is hypothesized that retardation effects will be induced. 
Block ΔK [MPa(m)1/2] 
Δa      
[mm] a/W 
Ref. da/dn 
[m/cycle] 
0 - - 0.484 - 
1 9.0 0.10 0.486 3.94x10-09 
2 11.0 0.15 0.490 7.59x10-09 
3 15.7 0.50 0.502 2.38x10-08 
4 28.0 3.50 0.588 1.60x10-07 
5 37.5 3.00 0.662 4.20x10-07 
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Fig. 6.4 Schematics of the L-H-L 
sequence for material A 
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Fig. 6.5 Schematics of the L-H-L 
sequence for material B 
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Table 6.6.1 L-H-L block sequence mat. A 
 
 
Table 6.6.2 L-H-L block sequence mat. B 
 
 
3.3 Testing procedure SR sequences 
The purpose of this sequence is to add a certain degree of randomization to 
the previously described sequences. Blocks with intermediate ΔK values are 
added to the initial block selection (see Tables 6.7.1 and 6.7.2). Then all blocks 
are mixed up to obtain a wider combination of sub-sequences (see Figs. 6.6 and 
6.7). 
 
 
Block ΔK [MPa(m)1/2] 
Δa      
[mm] a/W 
Ref. da/dn 
[m/cycle] 
0 - - 0.565 - 
1 8.0 0.05 0.566 2.10x10-09 
2 9.8 0.07 0.567 3.90x10-09 
3 14.0 0.80 0.580 1.17x10-08 
4 22.8 4.80 0.659 5.21x10-08 
5 32.2 1.80 0.689 1.50x10-07 
6 22.8 1.00 0.705 5.21x10-08 
7 14.0 0.50 0.713 1.17x10-08 
8 9.8 0.07 0.715 5.09X10-08 
9 8.0 0.05 0.715 2.41x10-09 
Block ΔK [MPa(m)1/2] 
Δa      
[mm] a/W 
Ref. da/dn 
[m/cycle] 
0 - - 0.492 - 
1 9.0 0.08 0.494 3.94x10-09 
2 11.0 0.20 0.499 7.59x10-09 
3 15.7 0.50 0.511 2.38x10-08 
4 28.0 3.10 0.587 1.60x10-07 
5 37.5 2.40 0.646 4.20x10-07 
 28.0 1.80 0.690 1.60x10-07 
7 15.7 0.50 0.702 2.38x10-08 
8 11.0 0.20 0.707 7.59x10-09 
9 9.0 0.10 0.710 3.94x10-09 
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Fig. 6.6 Schematics of the SR 
sequence for material A 
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Fig. 6.7 Schematics of the SR 
sequence for material B 
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Table 6.7.1 SR block sequence mat. A 
Block ΔK [MPa(m)1/2] 
Δa      
[mm] a/W 
Ref. da/dn 
[m/cycle] 
0 - - 0.670 - 
1 14.0 0.15 0.672 1.17x10-08 
2 22.8 0.50 0.681 5.21x10-08 
3 26.5 0.80 0.694 8.26x10-08 
4 18.0 0.25 0.698 2.53x10-08 
5 32.2 1.20 0.718 1.50x10-07 
6 22.8 0.50 0.726 5.21x10-08 
7 18.0 0.25 0.730 2.53x10-08 
8 14.0 0.20 0.733 1.17x10-08 
9 26.5 0.80 0.746 8.26x10-08 
10 32.2 1.20 0.766 1.50x10-07 
11 18.0 0.25 0.770 2.53x10-08 
12 26.5 0.75 0.783 8.26x10-08 
13 22.8 0.50 0.791 5.21x10-08 
14 32.2 1.20 0.811 1.50x10-07 
15 14.0 0.15 0.813 1.17x10-08 
Table 6.7.2 SR block sequence mat. B 
Block ΔK [MPa(m)1/2] 
Δa      
[mm] a/W 
Ref. da/dn 
[m/cycle] 
0 - - 0.521 - 
1 15.7 0.20 0.526 2.43x10-08 
2 28.0 0.80 0.546 1.61x10-07 
3 30.5 1.20 0.575 2.10x10-07 
4 22.0 0.40 0.585 7.31x10-08 
5 37.5 1.80 0.629 4.18x10-07 
6 28.0 0.80 0.648 1.61x10-07 
7 22.0 0.40 0.658 7.31x10-08 
8 15.7 0.20 0.663 2.43x10-08 
9 30.5 1.20 0.693 2.10x10-07 
10 37.5 1.50 0.729 4.18x10-07 
11 22.0 0.50 0.742 7.31x10-08 
12 30.5 1.20 0.771 2.10x10-07 
13 28.0 0.80 0.791 1.61x10-08 
14 37.5 1.50 0.827 4.18x10-07 
15 15.7 0.20 0.832 2.43x10-08 
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4 VA block loading test results 
In the following, the obtained relative crack growth (a/W versus n) and crack 
growth rate (da/dn versus n) curves are plotted in Figs. 6.8 and Fig. 6.9 (L-H 
sequence for materials A and B respectively), Figs. 6.10 and 6.11 (L-H-L 
sequence for materials A and B respectively) and Figs. 6.12 and 6.13 (SR 
sequence for materials A and B respectively). The red horizontal lines included 
in all crack growth rate curves show the “Ref. da/dn” at each ΔK value. Testing 
results plotted above this line indicate that the crack is growing faster than 
expected (acceleration effect). Hence testing results plotted below this line 
indicate that the crack is growing slower than expected (retardation effect). To 
quantify the evidenced interaction effects, the calculation of a deviation factor 
defined as indicated in equation 6.2 is included in tables 6.8.1 and 6.8.2 (L-H 
sequence for materials A and B respectively), tables 6.9.1 and 6.9.2 (L-H-L 
sequence for materials A and B respectively) and tables 6.10.1 and 6.10.2 (SR 
sequence for materials A and B respectively). 
Where DFi is the deviation factor and Δnblock i and Δnref i are the number of 
cycles needed to grow the crack a predefined length as tested and as estimated 
(using the “Ref. da/dn” previously defined) respectively. The subindex “i” 
indicates the block number. DF values higher than unity indicate the degree of 
retardation and values lower than unity indicate the degree of acceleration, 
both with respect to the reference crack growth rate values. 
4.1 Relative crack growth and crack growth rate curves for L-H 
sequences 
Each transition step in the tested sequence is indicated in Fig. 6.8 and Fig. 6.9 
(A), showing relative crack length versus number of cycles, as vertical dashed 
lines. In between a linear evolution of relative crack length can be observed. 
As mentioned before, the red lines included in Fig. 6.8 and Fig. 6.9 (B) are the 
reference da/dn values for each block according to the previously described 
da/dn-ΔK curves. Their lengths approximately indicate the theoretical number 
of cycles needed for the crack to grow the pre-defined length specified in tables 
6.5.1 and 6.5.2. 
DFi= Δnblock i / Δnref i                                             (6.2) 
It can be concluded that no large interaction effects are introduced 
due to the block changes, because in the latter case a non-linear response 
would be expected. 
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4.2 Calculation of the deviation factors for the L-H sequences 
The calculated deviation factors summarized in Tables 6.8.1 and 6.8.2 
evidence that no large influence of the load change is present (less than 10%). 
Only a small acceleration of the crack growth rate is reported during blocks 4 
and 5 in table 6.8.2. 
Table 6.8.1 Deviation factors L-H sequence mat. A 
Block ΔK [MPa(m)1/2] Δnref Δnblock 
Deviation 
factor 
1 8.0 36121 37862 1.05 
2 9.8 25468 26096 1.02 
3 14.0 85841 89623 1.04 
4 22.8 86414 88451 1.02 
5 32.2 21986 20955 0.95 
 
 
 
Fig. 6.8 a/W-n curve (A) and da/dn-n 
curve (B) L-H sequence material A 
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 Fig. 6.9 a/W-n curve (A) and da/dn-n 
curve (B) L-H sequence material B 
 
1E‐09
1E‐08
0.0000001
0.000001
0 10000 20000 30000 40000 50000 60000 70000 80000 90000 1000
0.45
0.5
0.55
0.6
0.65
0.7
0 10000 20000 30000 40000 50000 60000 70000 80000 90000 1000
1000
Bl
oc
k
04
Bl
oc
k
03
Bl
oc
k
05
Bl
oc
k
02
10-8
10-7
Bl
oc
k
01
0.60
0.55
0.65
0.70
a/W
0.50
63 9
Number of cycles, n (x104)
10-6
63 9
da/dn
[m/cycle]
0
0
Number of cycles, n (x104)
A)
B)
Chapter 6  6.13 
 
 
Fig. 6.10 a/W-n curve (A) and da/dn-n 
curve (B) L-H-L sequence material A 
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 Fig. 6.11 a/W-n curve (A) and da/dn-n 
curve (B) L-H-L sequence material B 
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Table 6.8.2 Deviation factors L-H sequence mat. B 
Block ΔK [MPa(m)1/2] Δnref Δnblock 
Deviation 
factor 
1 9.0 24092 24454 1.01 
2 11.0 19738 19184 0.97 
3 15.7 20595 19958 0.97 
4 28.0 21766 20242 0.93 
5 37.5 7182 6679 0.93 
4.3 Relative crack growth and crack growth rate curves for L-H-L 
sequences 
Figs. 6.10 and 6.11 (A) show a linear evolution of relative crack length versus 
number of cycles for the first part of the sequences (L-H part), which is similar 
to the previous case. As noted before this is due to the lack of (large) interaction 
effects during L-H block sequences. However from the 6th block onwards the 
crack suddenly slows down. After a while  it speeds up gradually towards the 
corresponding reference da/dn associated to that block. The severity of the 
witnessed  retardation effects is clear from Figs. 6.10 and 6.11 (B) by comparing 
the length of the red lines (theoretical estimation of the required number of 
cycles) and the number of cycles per block obtained experimentally. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.14 Block loading investigation 
 
As detailed in chapter 2, retardation due to H-L sequences is normally 
explained making use of the plasticity induced crack closure concept. After the 
introduction of the new load block, the crack front is suddenly immersed in a 
wake of plastically deformed material. This makes the crack faces come into 
contact which induces the crack to remain closed when the loading has begun. 
This results in a reduction of the driving force. Gradually, the effect tends to 
vanish as the crack grows through this region. The same effect can be seen in 
the presented results (Figs. 6.10B and 6.11B). Indeed after a H-L transition, the 
crack growth rate decreases drastically. As the crack tip crosses the locally 
deformed material its growth rate tends to stabilize which occurs when the 
closure effect disappears. At relatively high ΔK values (block 6 e.g.) this 
transition happens faster than at lower ΔK values (block 7). Interestingly for 
this last case, the crack growth rate does not follow a continuously upward 
trend (Figs. 6.10B and 6.11B). The created plateau can be explained by means of 
crack branching or micro-hardening induced by the previously experienced 
plastic deformation [6.37]. These are mechanisms that locally tend to slow 
down the growth rate. 
4.4  Calculation of the deviation factors for the L-H-L sequences 
Similar to what has been previously pointed out, the first part of this 
sequence (L-H) does not show a significant variation of the crack growth rate 
after a new load block with larger amplitude is introduced (see Tables 6.9.1 and 
6.9.2). The calculated deviation factors for this part are close to unity.  
Table 6.9.1 Deviation factors L-H-L sequence mat. A            
Block ΔK [MPa(m)1/2] Δnref Δnblock 
Deviation 
factor 
1 8.0 23764 24002 1.01 
2 9.8 17917 18275 1.02 
3 14.0 68399 69767 1.02 
4 22.8 92093 94856 1.03 
5 32.2 11326 10760 0.95 
6 22.8 19186 38501 2.01 
7 14.0 42750 119529 2.80 
8 9.8 
Crack arrested 
9 8.0 
 
However when the high-low sequences begin, a significant crack 
growth retardation is evidenced. For a similar percentage reduction in 
block amplitude, this effect seems to be enhanced at lower ΔK values. 
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Table 6.9.2 Deviation factors L-H-L sequence mat. B 
Block ΔK [MPa(m)1/2] Δnref Δnblock 
Deviation 
factor 
1 9.0 20288 19477 0.96 
2 11.0 26318 25002 0.95 
3 15.7 20595 19856 0.96 
4 28.0 19278 18893 0.98 
5 37.5 5745 5515 0.96 
6 28.0 11194 16739 1.50 
7 15.7 20595 59362 2.88 
8 11.0 26318 215610 8.19 
9 9.0 26626 121747 4.57 
 
For the case of material A, the crack stopped growing after the introduction 
of the 8th block (see table 6.9.1). Due to that reason, this test was stopped after a 
waiting time equivalent to 5x105 number of cycles. For this work’s objective, 
this was considered as crack arrest. 
In case of material B, a significant crack growth retardation is noted at the 
introduction of the 8th block. However no crack arrest is evidenced. 
Interestingly, the deviation factor calculated for block 8 is higher than the one 
calculated for block 9. This is due to the fact that the transition amplitude 
between blocks 7 and 8 is higher than between blocks 8 and 9. 
4.5 Relative crack growth and crack growth rate curves for the 
SR sequences  
Due to its complexity, an analysis of the a/W-n curves (Figs. 6.12 and 6.13 (A)) 
is not straightforward. However it is clear from the da/dn-ΔK curves (Figs. 6.12 
and 6.13 (B)) that a high degree of retardation is frequently present. The blocks 
associated to a high degree of retardation can easily be identified by looking at 
the sudden crack growth rate reduction and by comparing the length of the red 
lines and their corresponding tested number of cycles for each block. 
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4.6 Calculation of the deviation factors for the SR sequences 
As highlighted, L-H subsequences do not show a high degree of acceleration. 
However there seems to be some “accumulation” effect. Consecutive peaks 
might slightly induce an acceleration of the crack growth as can be seen during 
blocks 10, 12 and 14. 
 Particularly for this sequence, a large block transition was imposed at the 
end of each test (SIF range reduction of about 50%). Similarly to what happened 
with material A during the testing of the L-H-L sequence, crack arrest was 
experienced. This also occurred for material B, contrary to observations during 
L-H or L-H-L sequences. Additionally an accumulation effect is evidenced 
during blocks 5, 6 and 7, but now in terms of retardation. By adding blocks with 
intermediate SIF-values, it can indeed be expected that the total deviation factor 
will increase in comparison to the direct transition between these two points. 
 
 Fig. 6.12 a/W-n curve (A) and da/dn-n 
curve (B) SR sequence material A 
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Fig. 6.13 a/W-n curve (A) and da/dn-n 
curve (B) SR sequence material B 
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H-L subsequences are related to different retardation degrees. Again, 
at lower ΔK values and larger percentage reduction in load block 
amplitude, this effect is increased. As  can be observed in tables 6.10.1 
and 6.10.2, similar results were obtained for both tested steel grades. 
Material A however shows a consistently higher retardation sensitivity.  
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Table 6.10.1 Deviation factors SR sequence mat. A 
Block ΔK [MPa(m)1/2] Δnref Δnblock 
Deviation 
factor 
1 14.0 13167 15413 1.17 
2 22.8 9593 9186 0.96 
3 26.5 9077 8636 0.95 
4 18.0 9897 44436 4.49 
5 32.2 7995 7247 0.91 
6 22.8 9593 25631 2.67 
7 18.0 9897 28823 2.91 
8 14.0 17100 51721 3.02 
9 26.5 9682 9018 0.93 
10 32.2 7995 7169 0.90 
11 18.0 9897 155424 15.70 
12 26.5 9077 8182 0.90 
13 22.8 9593 9927 1.03 
14 32.2 7995 6857 0.86 
15 14.0 Crack arrested 
 
Table 6.10.2 Deviation factors SR sequence mat. B 
Block ΔK [MPa(m)1/2] Δnref Δnblock 
Deviation 
factor 
1 15.7 8238 7566 0.92 
2 28.0 4975 4500 0.90 
3 30.5 5173 4748 0.92 
4 22.0 5471 18600 3.40 
5 37.5 4309 4090 0.95 
6 28.0 4975 11200 2.25 
7 22.0 5471 13200 2.41 
8 15.7 8238 30700 3.73 
9 30.5 5173 3180 0.61 
10 37.5 3560 3078 0.86 
11 22.0 6838 73800 10.79 
12 30.5 5173 2736 0.53 
13 28.0 4975 5814 1.17 
14 37.5 3591 2932 0.82 
15 15.7 Crack arrested 
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It has to be noticed that in comparison to the L-H-L sequences, a higher 
deviation factor for a similar block transition amplitude is reported (e.g. during 
block 6). This is due to the shorter block lengths in the SR sequence. Indeed, the 
shorter the block length the higher the influence of the non-linear crack 
evolution part on the deviation factor. Notwithstanding the proposed deviation 
factor allows a fast quantification of the effect, its actual value depends on the 
block length. Now that retardation effect has been proven to be of relevance, a 
more accurate comparison is needed. 
5 Detailed analysis of the retardation effects 
In order to more deeply investigate the relation between H-L subsequences 
and the generated retardation effect, the concept of crack growth delay period 
(nD) is used. It is defined as: ‘the number of cycles which are necessary until the 
fatigue crack growth rate of the baseline level is reached again’ [6.38]. In            
Fig. 6.14a, this concept is schematically illustrated. As can be seen, before the 
overload block application the slope of the crack growth curve is SBL (baseline). 
After the application of the overload block, a slope SOL is quickly achieved. With 
the implementation of the second baseline block, the crack growth is retarded 
and gradually comes back to the corresponding baseline crack growth rate 
represented with the slope SBL. In this work, the SIF is changing block after 
block and no baseline is defined. Therefore the definition of nD is modified in 
such a way that it refers to the number of cycles that are needed to reach the 
reference fatigue crack growth rate (Si), (See Fig. 6.14b). 
 
Fig. 6.14 Schematic of the delay number of cycles after a H-L sequence (a) 
after [6.20] and (b) modified definition for this work 
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Tables 6.11.1 and 6.11.2 show the estimated delay number of cycles (nD) for 
all retardation-related loading blocks. This parameter has been estimated from 
the previously plotted curves (Figs. 6.10, 6.11, 6.12 and 6.13). The rows printed 
in italic are related to SIF ranges equal to or lower than 14 MPa(m)1/2, which is 
considered the boundary between near-threshold and far-threshold regions as 
will be explained further. Furthermore the nD is displayed as a function of the 
transition block ratio in Fig. 6.15.  
Table 6.11.1 Estimated nD material A 
Item Sequence Block ΔK(i-1) [MPa(m)1/2] 
ΔKi 
[MPa(m)1/2] ΔK(i-1)/ΔKi nD 
1 L-H-L 6 32.2 22.8 1.41 18900 
2 L-H-L 7 22.8 14.0 1.63 93600 
3 SR 4 26.5 18.0 1.47 35540 
4 SR 6 32.2 22.8 1.41 16040 
5 SR 7 22.8 18.0 1.27 14500 
6 SR 8 18.0 14.0 1.29 31400 
7 SR 11 32.2 18.0 1.79 145530 
8 SR 13 26.5 22.8 1.16 330 
Table 6.11.2 Estimated nD material B 
Item Sequence Block ΔK(i-1) [MPa(m)1/2] 
ΔKi 
[MPa(m)1/2] ΔK(i-1)/ΔKi nD 
1 L-H-L 6 37.5 28.0 1.34 6040 
2 L-H-L 7 28.0 15.7 1.78 29100 
3 L-H-L 8 15.7 11.0 1.43 180140 
4 L-H-L 9 11.0 9.0 1.22 42340 
5 SR 4 30.5 22.0 1.39 13130 
6 SR 6 37.5 28.0 1.34 6220 
7 SR 7 28.0 22.0 1.27 7730 
8 SR 8 22.0 15.7 1.40 12700 
9 SR 11 37.5 22.0 1.70 66960 
10 SR 13 30.5 28.0 1.09 840 
 
Some of the previously mentioned conclusions can be corroborated in Fig. 
6.15. First observation is the higher the transition block amplitude the larger the 
retardation effect. All full green diamonds (material A results) lie above the full 
red circles (material B results) which means that material A is more sensitive to 
interaction effects than material B. This is assumed to occur due to the fact that 
materials with lower yield stress tend to create a larger plastic zone [6.20]. 
Therefore they are more sensitive to crack retardation and crack arrest. On top 
of that, steels with low yield to tensile ratio tend to harden which increases the 
yield stress [6.39]. Notwithstanding this is in fact a significant factor for 
endurance limit evaluation [6.39], under cracking conditions it is proven to be 
less significant than the yield stress itself [6.40, 6.41]. In any case a larger 
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number of specimens should be tested in order to assure that the observed 
difference in behaviour between both steels is due to the claimed causes and 
not simply due to natural scatter between specimens. 
The dashed line in Fig. 6.15 has been extracted from block loading tests 
published in [6.20] and included in this chart as general reference. 
Notwithstanding the steel and testing procedure used in that work were 
somewhat different, the nearness of the dashed curve with respect to the 
obtained results is worthwhile noticing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Retardation effects are increased at low SIFs. This is related to the activation 
of near-threshold mechanisms which, as reported in [6.3], induce a change in 
the crack growth mode. If the “near-threshold region” is for example defined 
as the stress intensity factor ranges below 14 MPa(m)1/2, the delay number of 
cycles included in the rows plotted in italic (see tables 6.11.1 and 6.11.2) should 
actually show higher sensitivity to crack retardation. As a matter of fact the 
hollow markers included in Fig. 6.15 are the representation of these values 
(with the exception of item 2 in table 6.11.1). Indeed, these block transitions 
show a remarkable sensitivity to crack retardation. As highlighted, the 
exception is item 2 in table 6.11.1. It is believed that the delay number of cycles 
related to this block does not follow the near-threshold region trend due to its 
 
Fig. 6.15 Delay number of cycles as a function of the 
ratio of SIF ranges (TBR) 
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proximity to the empirically defined SIF range boundary. It is however 
uncertain whether jumps at smaller SIF ranges (small cracks e.g.) would 
generate this amount of retardation or not. It is indeed reported that plasticity 
induced crack closure might be negligible at low SIF ranges [6.42]. More 
research is therefore advised including jumps from and to ΔK values lower than 
14 MPa(m)1/2 in order to check this hypothesis. 
Based on the above discussion, three trend lines are obtained. Cth showing 
near-threshold region results and ‘Fth material A’ and ‘Fth material B’ showing 
far-threshold region results for materials A and B respectively. Hypothetically, 
crack arrest should occur when these power functions get asymptotic (very 
high delay number of cycles). This happens approximately at a TBR of about 
1.5 for the Cth trend, at a TBR close to 2.2 for the ‘Fth material A’ trend and at a 
TBR of about 2.4 for the ‘Fth material B’. The last two values are in accordance 
to what is reported in [6.42] and in general this can also be concluded from the 
testing results. 
This work focused on testing standardized specimens (long edge cracks) in 
air at a constant loading ratio (R) equal to 0.1 for all block sequences. Future 
work could include the effect of the loading ratio and the environment as they 
are different in reality. 
6 Comparison of fatigue lifetime prediction models 
applied to block loading 
As detailed in chapter 2, different models have been developed in order to 
estimate the lifetime of a structure or component subjected to variable 
amplitude fatigue. Of course the most accurate models (those based on a 
description and quantification of the physics behind interaction effects) are 
highly complex and in some cases require advanced finite element simulations 
to accurately calculate cycle by cycle multiple parameters in the vicinity of the 
crack tip. 
As reported in [6.43], linear damage estimation of a symmetrically 
distributed random spectrum is fairly accurate. This is explained as follows, the 
retardation created by overloads is counteracted by the acceleration created by 
underloads. Accordingly, there is in principle no need to run complex analyses 
for the estimation of a component’s fatigue life. But as can be concluded from 
the experimental results presented in this chapter, when loading events of 
different magnitude take place, retardation of the crack growth will most likely 
occur. In this case the use of more advanced fatigue life estimation techniques 
is justified (for example for planning of maintenance frequency among others). 
The remaining question is, how much more accurate are rather complex non-
linear models compared to simple non-linear models. 
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Am(%)=(nmi / nTR)*100                                                                (6.3) 
To answer this question, five models described in chapter 2 namely Miner’s 
model (M), modified Miner’s model (MM), weighted average model (WA), 
modified Wheeler’s model (MW) and generalized Willenborg’s model (GW) 
have been compared on the basis of the semi-random testing procedures 
previously presented [6.45, 6.46]. The results of this comparison are presented 
in Fig. 6.16 and Fig. 6.17 for materials A and B respectively. The models have 
been classified by type: green bars represent yield zone models, blue bars global 
analysis models, red bars the linear damage model and orange bars the tests 
results presented in this chapter. In order to compare all approaches with 
respect to a reference condition (test results), the parameter model accuracy (Am) 
is defined as (see also Fig. 6.16 and Fig. 6.17): 
 
With nmi the number of cycles needed to achieve the pre-defined crack length 
according to the SR sequence obtained from each studied damage model (sub 
index i) and nTR the experimental value. 
 
 
 
 
 
 
 
Fig. 6.16 Predicted life for material A 
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As can be seen in these figures, Miner’s rule (M) is very inaccurate for the life 
prediction of ordered loading sequences. Opposite, modified Wheeler’s model 
(MW) gives a rather accurate life prediction (around 80% in comparison to the 
reference life (TR)) and is the best alternative amongst all analysed models. 
Modified Miner’s model (MM) is not as accurate as the researched yield zone 
models (accuracy of around 60%) but it can be considered a good option if a 
fast and simple evaluation is needed. It has to be highlighted that its life 
prediction is not that far from the life prediction of the generalized Willenborg’s 
model (GW) which gives an accuracy of around 70% and is much more complex. 
This of course is happening because the latter can account for retardation and 
acceleration effects but as shown before, very limited evidence of acceleration 
of the crack growth rate has been evidenced in the tested sequences.  
According to [6.44] the modified Miner’s model life prediction can be 
improved by optimizing the fitting exponent (). This makes the model more 
complex but gives a possibility for further research. 
Finally the weighted average model (WA) results in a life prediction with an 
accuracy of around 55%. This is probably too low to be considered valuable for 
a real assessment and according to the work presented in [6.44] it cannot be 
much more optimized. 
For a more detailed insight into the calculation procedure and models’ 
application the reader is referred to  [6.44, 6.45]. 
 
 
 
 
 Fig. 6.17 Predicted life for material B 
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7 Summary and conclusions 
In this chapter a simple methodology to analyze the effects of variable 
amplitude loading on offshore structures was developed. Three different 
sequential load schemes with blocks of constant SIF amplitude representative 
for North Sea loading conditions have been designed. 
H-L sequences (and L-H-L subsequences) showed to result in retardation 
effects. Higher retardation and crack arrest sensitivity at lower ΔK values are 
confirmed for both tested steel grades. Crack arrest is evidenced after the 
application of ΔK blocks with a transition block ratio (ΔKi-1/ ΔKi) higher than 2.2 
and 2.4 for materials A and B respectively. In general, material A shows larger 
interaction effects (in terms of retardation) than material B. 
As is the case for underloads dominated spectrum reported in literature, L-
H sequences (and H-L-H subsequences) were hypothesized to induce 
acceleration of the crack growth. However only limited consistent evidence of 
this behaviour is witnessed in the results. Sequence effects seem to be present 
after the application of multiple H-L-H subsequences which might slightly 
increase the acceleration of crack growth. 
The proposed deviation factor gives a general idea of the interaction effects 
occurring during block loading tests. However the delay number of cycles 
together with the transition block ratio concepts, allow for a more precise 
description of the phenomenon. 
Yield zone models demonstrated to be more accurate than global analysis 
models for the life prediction of ordered cyclic block loading events. However 
due to their complexity, their use may not always be justified. From this point 
of view the Modified Miner’s model proved to be a reasonable alternative in 
case a fast estimation is needed and an interesting topic of possible further 
research. 
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1 Introduction 
In chapter 2 the need for a detailed understanding of scale effects to allow a 
more efficient design of offshore structures was motivated. As defined in that 
chapter, scale effects are the change in fatigue strength due to scaling down 
and modifying parameters related to the manufacturing process of the small 
scale specimens (cutting, grinding, polishing…). It was also stated that scale 
effects can be caused by statistical defects, technological size effect, 
geometrical size effect and stress increase effect. The first and second 
parameters are very relevant for the consideration of scale effects in unnotched 
and unwelded specimens. In general terms, the larger the structure, the higher 
the chances to find potential crack initiation sites as material impurities e.g. 
[7.1].  
 If a weld is included in the analysis, geometrical size effects gain 
importance [7.2]. The general relation is, the thicker the weld detail, the shorter 
the fatigue life [7.3]. This is caused by the increment of the through thickness 
stress gradient due to for example the weld geometry or the presence of 
residual stresses [7.4]. Some of these factors (thickness, weld geometry, 
misalignment and residual stresses) are considered in design codes by 
estimating magnification factors that generally penalize the design curves. 
For a notched component, both geometrical size and stress increase effects 
are very important. In welded components and similarly to the previous 
paragraph, geometrical size effects are somehow considered by modifying the 
stress intensity factor in order to account for residual stresses e.g. [7.5]. 
However, estimation of fatigue life of unwelded notched specimens does not 
account for any of these modifications and not much research has been done 
in relation to stress increase effects due to the presence of a flaw.  
Ideally, full scale tests should be carried out in order to take all scale effects 
into account, for example for the validation of numerical simulation results. 
However this is very expensive and time consuming [7.6]. Alternatively some 
research has been done in order to consider isolated aspects such as specimen 
curvature [7.7], size [7.8] and thickness [7.9, 7.10] in fatigue testing. Based on 
this, it was hypothesized that scale effects could be considered if as many of 
the parameters behind the previously mentioned root causes as possible 
remain unmodified in a new specimen geometry that can be tested in 
multipurpose testing machines. To this purpose, a coupon geometry based on 
standardized “strip” specimens but capable of fulfilling the previous 
hypothesis is designed. The optimized (medium scale) geometry is described 
in section 2. Then, a series of fracture mechanics based tests with similar 
testing procedures as used in chapter 4 were performed. Test results are 
shown in section 3.1. Based on these results, a quantification of the scale effects 
is given. Section 3.2 offers an overview of the methodology used to 
characterize the crack growth rate of the medium scale specimens. Section 3.3 
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analyses in detail the difference between the obtained curves. Finally in 
section 4, an approach to compare crack growth rate curves of medium scale 
and small scale specimens in an appropriate manner is described. 
For completeness, a series of dedicated medium scale variable amplitude 
tests were carried out. L-H-L and SR block loading sequences similar to those 
used in chapter 6 were considered to this purpose. The results are shown in 
section 5. 
Finally, conclusions are made in section 6. 
2 Experimental evaluation of scale effects 
2.1 Materials and specimen geometries 
The materials used for this work are the NV F460 and NV F500 steel grades 
of which the mechanical and chemical properties are given in chapter 4. 
As previously introduced, a medium scale full thickness curved notched 
specimen was designed. The final hourglass coupon shape was determined 
from a dedicated parametric study in which the stress distribution of both dog 
bone and hourglass shape specimens with different gauge widths and 
reduction radii were compared [7.11]. An example of the considered 
geometries can be seen in Fig. 7.1. 
In [7.11] it was concluded that the hourglass geometry offers two 
advantages in comparison to the dog bone geometry: 
 concentration of stress at the central section;  
 lack of stress concentrations outside that region. 
The dog bone geometry offers a larger area subjected to a homogeneous 
stress field (almost the entire gauge section), but large stress concentrations 
occur at the specimen’s shoulders.  
Fig. 7.2 shows the optimized medium scale hourglass specimen. Its 
purpose is to evaluate possible scale effects on fatigue crack growth rate. The 
specimens are not flattened, they have the same curvature as the pipe from 
which they are extracted. Additionally the surface roughness remains 
unmodified; all sharp edges of the gauge section are ground to obtain a 
chamfer of about 2x2mm and then polished with sandpaper in a sequence of 
80, 120, 240 and 600 grits.  
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Fig. 7.2  Medium scale specimen dimensions [mm]. t=23.9 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.1 Stress distribution in medium scale dog bone (left) 
and hourglass (right) specimens subjected to pure tension 
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Fig. 7.3 Medium scale specimen: initial notch detail [mm] 
a) NV F460 and b) VN F500 
The initial notch geometry for both materials can be seen in Fig. 7.3; i.e. a 
semi-circular notch of 3mm deep and 22.6mm long for grade NV F450 and a 
semi-circular notch of 2mm depth and 18.6mm length for grade NV F500. The 
notches are machined using a circular milling blade of 40 mm diameter and 
0.2 mm acuity.  
 
 
 
 
 
 
 
2.2 Instrumentation and testing procedures 
For the measurement of the crack growth rate, the DCPD technique 
introduced in chapter 3 was used. However in place of the Johnson’s equation, 
a self-calibrated voltage-crack growth relation has been obtained. The location 
of the PD pins can be seen in Fig. 7.2. Beach marking was used as benchmark 
and post-mortem analysis technique. For the calculation of the notch stress 
intensity factor range (ΔK), the procedure described in BS 7910 [7.12] was 
followed. Due to the lack of an exact SIF solution for the tested geometry and 
considering this work as “exploratory”, a finite thickness flat plate in tension 
and bending was chosen. As described in [7.13], this classification is 
sufficiently accurate for the tested geometry. 
A bending component applied in the longitudinal direction of the 
specimen appears due to a combination of distortion after manufacturing 
(release of residual stresses) and straightening due to clamping. To quantify 
its contribution to the stress distribution, a similar procedure as described in 
[7.14] was followed.  This is, the bending strain generated by this distortion at 
the back of the specimen and at the central gauge section is measured and 
converted into stress (applying Hooke’s law). This local stress is converted into 
a remote bending stress by extracting the stress concentration factors present 
in this region (mainly through thickness and through width curvatures). The 
resulting bending stress is included in the estimation of the ΔK values as 
described in standard BS 7910 [7.12]. On average the superimposed static 
bending stress at the front face of the specimen was around 80 MPa and -40 
MPa for material NV F460 and NV F500 respectively. This is about 50% of the 
initially applied remote tensile stress (170 MPa) in case of material NV F460 
and about -20% of the initially applied remote tensile stress (220 MPa) in case 
of material NV F500. 
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Table 7.1 Testing procedure NV F460 
 
ΔK 
[MPa(m)1/2]
Δa 
[mm]
a abs 
[mm]
da /dn 
[m/cycle]
n 
[cycles]
Initial notch - 3 - -
Pre-crack 0.6 3.6 - -
15 0.3 3.9 1.38x10-08 21629
17 0.3 4.2 1.84x10-08 16234
18 0.3 4.5 2.46x10-08 12185
20 0.3 4.8 3.27x10-08 9146
22 0.45 5.3 4.36x10-08 10298
24 0.45 5.7 5.82x10-08 7730
27 0.45 6.2 7.75x10-08 5802
29 0.6 6.8 1.03x10-07 5806
32 0.6 7.4 1.37x10-07 4358
35 0.6 8.0 1.83x10-07 3271
39 0.75 8.7 2.44x10-07 3069
43 0.75 9.5 3.25x10-07 2304
47 0.75 10.2 4.33x10-07 1729
52 1.0 11.2 5.77x10-07 1731
57 1.0 12.2 7.69x10-07 1299
63 1.1 13.3 1.02x10-06 1073
69 1.1 14.4 1.36x10-06 805
76 1.5 15.9 1.82x10-06 824
83 1.5 17.4 2.42x10-06 619
5th bm
6th bm
1st bm
2nd bm
3rd bm
4th bm
In order to allow comparison with the results obtained in chapter 4 (for 
small scale specimens), similar “K-increasing” procedures are followed with a 
stress ratio R=0.1. The main hypothesis considered is, if no scale effects are 
present, the relation between crack growth rate and SIF range will be similar 
to the one obtained from small scale specimens. Similarly to the tests included 
in chapter 4 a certain crack extension per SIF range is proposed, and based on 
the material properties of the small scale specimens a number of cycles to 
achieve the pre-defined crack depth is obtained (see tables 7.1 and 7.2 for 
material NV F460 and NV F500 respectively). Due to the fact that these tests 
are force controlled, the stress intensity factor is changing with the number of 
cycles. The considered SIF ranges are calculated taking into account the 
expected average crack extension per block at the deepest point of the flaw (ad, 
see Fig. 7.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 7.2 Testing procedure NV F500 
 
ΔK 
[MPa(m)1/2]
Δa 
[mm]
a abs 
[mm]
da /dn 
[m/cycle]
n 
[cycles]
Initial notch - 2 - -
Pre-crack 0.3 2.3 - -
15 0.3 2.6 1.51x10-08 19744
17 0.3 2.9 2.23x10-08 13435
19 0.3 3.2 3.28x10-08 9142
22 0.3 3.5 4.82x10-08 6221
24 0.5 3.9 7.08x10-08 6350
28 0.5 4.4 1.04x10-07 4321
31 0.5 4.8 1.53x10-07 2940
35 0.6 5.4 2.24x10-07 2668
40 0.6 6.0 3.30x10-07 1815
45 0.6 6.6 4.85x10-07 1235
51 0.9 7.5 7.13x10-07 1261
58 0.9 8.4 1.04x10-06 858
65 0.9 9.3 1.54x10-06 584
73 1.1 10.4 2.26x10-06 486
83 1.1 11.5 3.33x10-06 331
5th bm
1st bm
2nd bm
3rd bm
4th bm
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In tables 7.1 and 7.2, Δa refers to the relative crack growth per block and 
aabs refers to the absolute crack depth at the end of each block. 
As introduced before, variable amplitude block loading tests have also 
been carried out. For clarity, the testing procedures related to that 
investigation will be presented later.  
3 Results and discussion 
3.1 Scale effects on the fatigue crack growth 
After testing the specimens according to the presented test procedures, they 
were cooled down in liquid air to break them open in a brittle way. The post-
mortem analysis of the fracture surface revealed that the crack did not grow 
as much as expected (see Fig. 7.4 and Fig. 7.5 for material NV F460 and NV 
F500 respectively). 
 
Fig. 7.4 Fracture surface specimen MS_A_001, dimensions in mm 
 
Fig. 7.5 Fracture surface specimen MS_B_001, dimensions in mm 
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From the previous figures it can be concluded that the actual crack depth is 
only a fraction of the expected crack depth (3.8 mm vs 13.8 mm for the case of 
material A and 1.0 mm vs. 9.2 mm for material B). However due to the fact that 
the ΔK evolution was lower than expected, these crack depths cannot be 
directly compared. To determine the net scale effect, the SIF ranges at different 
moments were re-calculated based on the averaged crack depth estimated 
from the PD readings and force applied at each testing block. Using these 
values as input, together with the number of cycles per block and the relation 
da/dn-ΔK from ESE(T) specimens, a re-calculated crack depth was obtained. 
This is concluded to be 7.8 mm for material A and 2.9 mm for material B (see 
Fig. 7.4 and Fig. 7.5 for material A and B respectively). 
3.2 Estimation of the da/dn-ΔK curves 
Based on the previous conclusion, the number of cycles considered in tables 
7.1 and 7.2 were increased by 50% and 60% respectively. Additional 
adjustments to the testing procedures (as the number of beach marks e.g.) were 
done after some trials. Finally a series of tests were successfully carried out 
and the da/dn-ΔK curves of these medium scale specimens were obtained as 
follows. 
Similarly to what has been explained in chapter 3, the evolution of the 
electrical potential during the test is recorded (see Fig. 7.6). 
 
 
Fig. 7.6 Voltage evolution curve obtained 
during testing MS_A_004 specimen (NV F450) 
Results show that the experimentally observed crack depth is 
approximately 50% smaller for material A and 60% smaller for material 
B than those estimated using small scale fatigue crack growth 
properties. 
7.10 Scale effects investigation 
 
From the post-mortem analysis of the fracture surface, the beach marks are 
used to calibrate the curve that relates measured potential and crack depth. 
Additionally the aspect ratio at different moments is also registered. An 
example of an analysed fracture surface can be seen in Fig. 7.7. 
The obtained relation between recorded voltage and crack depth allows the 
estimation of the crack growth curve in terms of crack depth (a-n, see Fig. 7.8a). 
By modifying the a-n curve with the aspect ratio, the crack growth curve in 
terms of crack width (c-n) is also obtained (Fig. 7.8b). 
The crack growth rate expressed in terms of crack extension per cycle (da/dn) 
for each block is obtained from the discretization of the curve shown in Fig. 
7.8a in events (blocks as defined in tables 7.1 and 7.2). From the slope of each 
event and the related SIF range at that particular moment, the crack growth 
rate curves are acquired (see Fig. 7.9 and Fig. 7.10 for materials A and B 
respectively).  
 
Fig. 7.7 Fracture surface of the specimen MS_A_004 
 
Fig. 7.8 Estimated crack depth growth and crack width growth curves; a) and 
b) respectively (specimen MS_A_004) 
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Fig. 7.9 da/dn-ΔK curve MS specimen NV F460 
 
1E‐08
0.0000001
0.000001
10 100
1e-7
1e-6
1e-8
10
da/dn
[m/cycle]
Specimen MS_A_002
Specimen MS_A_003
Specimen MS_A_004
Fitted curve ESE(T) 
NV F460
40 60 80
ΔK
[MPa(m)1/2]
20 30
 
Fig. 7.10 da/dn-ΔK curve MS specimen NV F500 
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Similar trends have been reported in a very limited number of papers [7.15, 
7.16, 7.17]. In [7.17] it is mentioned that this effect could be caused by the fact 
that due to the presence of a different stress state and larger plastic zone at the 
surface points, the parameter “CPL” considered in the da/dn-ΔK curve depends 
on the crack shape, loading condition and location of the coordinate under 
evaluation. 
The obtained findings and previous paragraph is in accordance to the scale 
effects discussed in section 3.1. This topic will be further discussed in section 
4. 
3.3 Analysis of crack growth aspect ratio 
In Fig. 7.9 the FCGR follows a linear trend up to a ΔK value of around 40 
MPa(m)1/2. Then a discontinuity appears. Locally the crack growth rate tends 
to slow down. After some crack growth, the curve returns to its original trend. 
This is believed to be caused by the way the stress intensification at the crack 
front dynamically changes as the crack grows. As a matter of fact the ΔKa 
(stress intensity at the deepest point of the notch “a”) is higher than ΔKc (stress 
intensity at the surface point of the notch “c”) at the beginning of the test. 
However as the crack grows, its aspect ratio changes and at a certain moment 
ΔKc becomes higher than ΔKa (see Fig. 7.11). This transition happens at a value 
In Fig. 7.9 and Fig. 7.10 it can be seen that the curves of the medium scale 
specimens lie below those obtained from the ESE(T) specimens.  
 
Fig. 7.11 Evolution of stress intensity factors at the deepest crack 
tip and at the surface (specimen MS_A_004) 
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Fig. 7.12 Medium scale specimens crack aspect ratio NV F460 
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of ΔKa~ ΔKc=40MPa(m)1/2 and is visualized by plotting the aspect ratio and 
finding the inflection point that separates the “a dominant” from the “c 
dominant” crack growth regions (see Fig. 7.12).  
 
 
 
 
 
 
 
 
 
 
 
 
 
As suggested in [7.18], independently of the initial notch shape, flaws 
influenced by a bending moment will tend to grow into a semi-elliptical shape. 
Hence the existence of the transition shown in Fig. 7.12 suggests that a bending 
moment is, in addition to the applied tension, being imposed from the 
beginning of the test (which was also evidenced from the strain gauge 
measurements). It is believed that the obtained discontinuity indicated in Fig. 
7.9 is caused by the shift of the maximum stress intensity factor range from the 
deepest notch tip to the notch tip at the surface. This effect is enhanced by the 
higher surface stresses that arise when the crack width gets closer  to W (see 
Fig. 7.1) 
For the case of material NV F500, the crack tends to firstly grow in depth 
direction and when stabilization seems to occur, it grows at an approximately 
similar rate in depth and width directions (see Fig. 7.13). This can also be seen 
in the fracture surface shown in Fig. 7.14 and in the plot of the evolution of ΔK 
(Fig. 7.15). 
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Fig. 7.1415 Evolution of stress intensity factors (specimen MS_B_003) 
 
 
 Fig. 7.1514 Fracture surface specimen MS_B003 
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Fig. 7.13 Medium scale specimens crack aspect ratio NV F500 
0
2
4
6
8
10
12
14
16
18
20
0 5 10 15
BMs Test003
BMs test004
20
a grows faster than c 
(a dominant region)
45°
a grows as fast as c
5 15 20
Specimen MS_B_002
Specimen MS_B_003
5
15
0
0 10
10
c [mm]
a [mm]
Chapter 7  7.15 
 
These results indicate that the flaw is subjected to a governing tensile stress 
state [7.18, 7.19]. However as stated in section 2.2, these specimens were 
deformed before mounting and a bending moment was measured after 
clamping. This additional bending moment tends to compress the specimen’s 
front face. Traditionally a closed crack is no longer considered a stress raiser 
[7.1]. Hence the tensile part of the cycle has a bigger influence on the crack 
growth than the compressive part. Therefore it is hypothesised that the driving 
damage mechanism corresponds to a close to pure tension loading system. 
The effect of bending on the crack evolution can be analysed in Fig. 7.16 
where the typical variations of crack aspect ratio with crack growth in through 
thickness direction for three loading conditions re-drawn from [7.20] and also 
those obtained from the tested specimens (full lines) are displayed. DOB=0 
and DOB=1 (with DOB the degree of bending) refer to pure tension and pure 
bending loading conditions respectively. DOB=0.5 refers to the sum of the 
pure tension and pure bending conditions divided by 2. It has to be 
highlighted that this comparison is used to validate the FCGR curve shape 
evolution. In general, the evolution of the aspect ratio can be divided into two 
parts. Looking at the dashed lines from [7.20], in a first stage (up to a/t of 0.3-
0.4 in Fig. 7.16) the crack shape depends mainly on the notch shape. In a second 
stage (also referred to as equilibrium) it depends mainly on the loading 
condition [7.21, 7.22]. For pure tension (DOB=0) it tends to remain constant 
and for pure bending (DOB=1) it significantly decreases [7.14].  
 
 
Fig. 7.16 Variations of crack aspect ratios with crack growth in 
through thickness direction from [7.18] and this work 
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The curve corresponding to the medium scale specimen tests of material A 
(green curve) achieves a maximum crack aspect ratio and then starts 
decreasing towards an equilibrium condition. Due to the fact that this curve is 
showing a behaviour in between DOB=0 and a DOB=0.5, it can be concluded 
that the stress calculated from the strain gauge measurement during the 
mounting of the specimens was a good estimate.  
The curve corresponding to the medium scale specimen tests of material B 
(red curve) does not achieve a clear equilibrium stage. Therefore it is not 
evident whether increasing the thickness of the specimen would lead to a 
constant aspect ratio (pure tension) or to a decrease in aspect ratio (tension and 
bending). In any case the tendency of faster crack growth in the through 
thickness direction is clear. 
4 Comparison of crack growth rate curves obtained 
at different scales 
As shown in section 3.2, the da/dn-ΔK curves obtained using medium scale 
specimens lay below these obtained from the small scale specimens (chapter 
4). This is based on the fact that the semi-elliptical crack shape present in MS 
specimens tends to grow in multiple directions. The constraints and the SIF 
range distribution along the crack front of this flaw type are different from 
those related to the straight crack front present in the small scale specimens. 
This means that the use of material properties derived from small scale testing 
in the fatigue life prediction of large structures where a semi-elliptical or semi-
circular like shape are developed [7.23] is conservative.  
Different methodologies were developed in order to obtain more accurate 
crack grow predictions of surface flaws [7.16, 7.17, 7.24]. The local approach 
assumes different “CPL” and “mPL” values at the deepest and surface points 
of the crack front. The global approach is based on the maximization of the 
global energy release rate. The average approach considers a RMS SIF 
calculated from modified weighted functions. Finally empirical relations with 
solutions for particular cases (e.g. tube under internal pressure) are also 
reported. 
Most of the introduced solutions are complex and they lack of experimental 
validation. In the following a simple methodology developed to achieve a 
more accurate comparison is detailed. 
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4.1 Methodology description 
The so-called Paris’ law curve displays the relation between crack growth 
rate and stress intensity factor range. In standardized small scale specimens, 
there is only one direction of crack growth (ܽ௦) and due to the (quasi) straight 
nature of the developed crack front, a constant SIF range is distributed along 
it (see Fig. 7.17a).  
A semi-circular or semi-elliptical notch included in medium scale 
specimens grows in multiple directions and the SIF ranges are not evenly 
distributed along the crack front (see Fig. 7.17b).  
In order to achieve a comparative situation, two steps are considered. Firstly 
an equivalent stress intensity factor range from the complex ΔK distribution 
included in surface flaws is obtained making use of the integral approach. 
Secondly the crack area growth rate is considered instead of the crack growth 
rate in a particular direction. Somehow this approach is a simplified 
compilation of the previous mentioned average and global approaches. 
To the first purpose, 6 points have been defined that are equally distributed 
along half the crack front (see Fig. 7.17b). Only a half fracture surface is 
evaluated since the ΔK distribution is symmetrically distributed with respect 
to the vector (ܽௗ). 
 
Fig. 7.17 Schematics of the assumed specimens’ fracture surfaces and 
location of the SIF calculation points. a) small scale and b) medium scale 
specimens. 
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The stress intensity factor range at each of these locations is calculated as 
indicated in section 2.2, and plotted as a function of the angle  (see Fig. 7.18). 
 
 
 
 
 
 
 
 
 
Considering that the area underneath the fitted curve (ΨA) represents the 
crack driving force along a half crack front and that ΨA=ΨB, an equivalent 
stress intensity factor range can be calculated as: 
Where ΨA is obtained by integrating the equation fitted between points 1 
and 6 of Fig. 7.18. 
The obtained equivalent SIF range can be defined as that one which 
possesses a similar crack driving force than the MS specimen but evenly 
distributed along the crack front as it is the case for the small scale specimens 
(as shown in Fig. 7.17).  
This calculation is repeated for each load block shown in tables 7.1 and 7.2. 
 Related to the second step, the estimation of the crack area growth rate for 
the small scale specimen is straightforward. This is done by multiplying da/dn 
by the specimen’s thickness B:   
݀ܣௌ
݀݊ ൌ
݀ܽௌ
݀݊ ܤ																																																																																																																									ሺ7.2ሻ 
For the case of the medium scale specimens the crack front evolution is 
hypothesized to follow a perfect elliptical shape. Hence the cracked area at 
certain moment can be calculated as: 
ܣ௘/ଶ ൌ ߨ2 ሺܽܿ െ ܽ௡ܿ௡ሻ																																																																																																							ሺ7.3ሻ 
With a and c the actual crack depth and crack semi-width respectively and 
an and cn are the initial notch depth and semi-width respectively (all of them 
in [mm]). e/2 refers to half ellipse. 
 
Fig. 7.18 Proposed approach to obtain 
an equivalent SIF range 
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Fig. 7.19 dA/dn-ΔK material NV F460 
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The derivative of equation 7.3 is reduced to: 
݀ܣ௘/ଶ
݀݊ ൌ
ߨ
2
݀ሺܽܿሻ	
݀݊ 																																																																																																																ሺ7.4ሻ 
A practical way to solve this equation is plotting the area evolution and 
discretizing some events in order to find the slope. Since a=f(n) and c=f(n) were 
obtained in section 3.2 (see Fig. 7.8) this can easily be done. 
4.2 Results analysis 
Fig. 7.19 and Fig. 7.20 show the results of the previously described post-
processing methodology. It is evident that a highly coherent correlation is 
achieved among small scale and medium scale specimen results. 
 
 
 
 
 
 
 
 
 
 
 
It can be concluded that the proposed methodology offers a more 
appropriate way of comparing crack growth properties of multi-scale 
specimens. This also implies that if material properties obtained from 
standardized specimens are used to predict the crack growth rate of 
notched components, the area evolution should be considered instead 
of  a unidirectional crack growth approach. 
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5 Combining scale and block loading interaction 
effects 
As introduced previously in this chapter, medium scale specimens were 
additionally tested under variable amplitude block loading conditions 
similarly to the ESE(T) specimens presented in chapter 6. The aim of this 
investigation is to check whether the combination of interaction effects due to 
variable amplitude load histogram, and scale effects due to specimen and 
notch geometries, generates additional superimposed effects on the crack 
growth rate of the analysed steel grades.  
5.1 Experimental program 
Similarly to the testing procedures detailed in chapter 6, L-H-L and SR 
sequences were used for this particular investigation. Tables 7.3.1, 7.3.2, 7.4.1 
and 7.4.2 show their characteristic parameters. Since these are not ΔK-
controlled tests, the input is not a certain crack extension per block. Instead the 
number of cycles to achieve a proposed crack extension (Δa) considering the 
crack growth rate (Ref. da/dn) of the medium scale specimens in the through 
thickness direction displayed in Fig. 7.9 and Fig. 7.10 is used. 
 
Fig. 7.20 dA/dn-ΔK material NV F500 
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 In these tables, t indicates the specimen thickness [mm]. Due to the fact that 
transients in the crack growth rate will appear due to load interaction effects, 
a re-calculation of the SIF range in the post-processing stage considering the 
actual crack depth per block is needed.  
 
Table 7.3.1 L-H-L block sequence mat. A 
Block ΔK [MPa(m)1/2] 
Δa      
[mm] a/t 
Ref. da/dn 
[m/cycle] 
Number 
of cycles 
0 - - 0.14 -  - 
1 14.5 0.50 0.16 3.49x10-09 140644 
2.1 22.5 0.50 0.18 1.55x10-08 29076 
BM1 - 0.05 0.19 - 15000 
2.2 22.5 0.50 0.21 1.55x10-08 29076 
3 32.2 0.90 0.24 5.24x10-08 17992 
4.1 45.0 0.50 0.27 1.63x10-07 4162 
BM2 - 0.05 0.28 - 5000 
4.2 45.0 0.50 0.31 1.63x10-07 4162 
5 32.2 0.90 0.34 5.24x10-08 17992 
6.1 22.5 0.50 0.36 1.55x10-08 29076 
BM3 - 0.05 0.37 - 15000 
6.2 22.5 0.50 0.39 1.55x10-08 29076 
7 14.5 0.50 0.41 3.49x10-09 140644 
 
Table 7.3.2 L-H-L block sequence mat. B 
Block ΔK [MPa(m)1/2] 
Δa      
[mm] a/t 
Ref. da/dn 
[m/cycle] 
Number 
of cycles 
0 - - 0.14 - - 
1 16.2 0.40 0.16 5.76x10-09 69375 
2.1 22.1 0.35 0.17 1.98x10-08 17669 
BM1 - 0.05 0.18 - 15000 
2.2 22.1 0.35 0.19 1.98x10-08 17669 
3 36.0 0.90 0.23 1.37x10-07 6535 
4.1 48.0 1.00 0.27 4.32x10-07 2315 
BM2 - 0.10 0.27 - 5000 
4.2 48.0 1.00 0.32 4.32x10-07 2315 
5 36.0 0.90 0.35 1.37x10-07 6535 
6.1 22.1 0.35 0.37 1.98x10-08 17669 
BM3 - 0.05 0.37 - 15000 
6.2 22.1 0.35 0.38 1.98x10-08 17669 
7 16.2 0.40 0.40 5.76x10-09 69375 
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Table 7.4.1 SR block sequence mat. A 
Block ΔK [MPa(m)1/2] 
Δa      
[mm] a/t 
Ref. da/dn 
[m/cycle] 
Number 
of cycles 
0 - - 0.14 - -  
1 14.5 0.20 0.15 3.49x10-09 57186 
2 22.5 0.60 0.18 1.55x10-08 38617 
3.1 27.0 0.40 0.19 2.88x10-08 13866 
BM1 - 0.07 0.20 - 15000 
3.2 27.0 0.40 0.21 2.88x10-08 13866 
4 18.0 0.25 0.22 7.28x10-09 34315 
5 32.2 0.90 0.26 5.24x10-08 17160 
6.1 22.5 0.30 0.27 1.55x10-08 19309 
BM2 - 0.05 0.27 - 20000 
6.2 22.5 0.30 0.29 1.55x10-08 19309 
7 18.0 0.25 0.30 7.28x10-09 34315 
8 14.5 0.20 0.31 3.49x10-09 57186 
9.1 27.0 0.40 0.32 2.88x10-08 13866 
BM3 - 0.07 0.33 - 15000 
9.2 27.0 0.40 0.34 2.88x10-08 13866 
10 32.2 0.90 0.38 5.24x10-08 17160 
11 18.0 0.25 0.39 7.28x10-09 34315 
12.1 27.0 0.40 0.41 2.88x10-08 13866 
BM4 - 0.07 0.41 - 20000 
12.2 27.0 0.40 0.43 2.88x10-08 13866 
13 22.5 0.60 0.45 1.55x10-08 38617 
14 32.2 0.90 0.49 5.24x10-08 17160 
15 14.5 0.20 0.50 3.49x10-09 57186 
16 45.0 1.30 0.55 1.63x10-07 7959 
17 14.5 0.20 0.56 3.49x10-09 57186 
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Table 7.4.2 SR block sequence mat. B 
Block ΔK [MPa(m)1/2] 
Δa      
[mm] a/t 
Ref. da/dn 
[m/cycle] 
Number 
of cycles 
0 - - 0.14 -  - 
1 16.2 0.15 0.15 5.76x10-09 24281 
2 25.2 0.35 0.16 3.33x10-08 10487 
3.1 30.0 0.20 0.17 6.67x10-08 2922 
BM1 - 0.05 0.17 - 5000 
3.2 30.0 0.20 0.18 6.67x10-08 2922 
4 20.5 0.20 0.19 1.46x10-08 11909 
5 36.0 0.50 0.21 1.37x10-07 3631 
6.1 25.2 0.20 0.22 3.33x10-08 5244 
BM2 - 0.05 0.22 - 8000 
6.2 25.2 0.75 0.25 3.33x10-08 22000 
7 40.0 0.30 0.27 6.67x10-08 4580 
8 20.5 0.35 0.28 1.46x10-08 23973 
9.1 30.0 0.75 0.31 6.67x10-08 11000 
BM3 - 0.05 0.31 - 5000 
9.2 30.0 1.35 0.37 6.67x10-08 20000 
10 36.0 0.70 0.40 1.37x10-07 5083 
11 20.5 0.25 0.41 1.46x10-08 17013 
12.1 30.0 0.40 0.43 6.67x10-08 5994 
BM4 - 0.05 0.43 - 5000 
12.2 30.0 0.80 0.46 6.67x10-08 12000 
13 25.2 0.25 0.47 3.33x10-08 7491 
14 36.0 0.70 0.50 1.37x10-07 5083 
15 16.2 0.20 0.51 5.76x10-09 34688 
16 48.0 0.80 0.54 4.32x10-07 1852 
17 16.2 0.20 0.55 5.76x10-09 34688 
5.2 Results 
In the following, the obtained relative crack depth (a/t versus n) and crack 
growth rate (da/dn versus n) curves (both in through thickness direction) are 
plotted in Fig. 7.21 and Fig. 7.23 (L-H-L sequence for materials A and B 
respectively), and in Fig. 7.22 and Fig. 7.24 (SR sequence for materials A and B 
respectively). Similarly to the methodology explained in chapter 6, the red 
horizontal lines included in all crack growth rate curves show the “Ref. da/dn” 
of the MS specimens corresponding to each ΔK value. Testing results lying 
above this line indicate that the crack is growing faster than expected 
(acceleration effect). Hence, testing results lying below this line indicate that 
the crack is growing slower than expected (retardation effect). To quantify the 
evidenced interaction effects, the calculation of a crack growth deviation factor 
(CGDV) as defined in equation 7.5 is included in tables 7.5.1 and 7.5.2 (L-H-L 
sequence for materials A and B respectively) and in tables 7.6.1 and 7.6.2 (SR 
sequence for materials A and B respectively). 
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Fig. 7.21 a/t-n curve (A) and da/dn-n curve (B) L-H-L 
sequence material A 
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Where CGDFi is the crack growth deviation factor and Δaref  i and Δablock i 
are the predefined crack depth and the crack depth obtained from the post-
processing analysis respectively. The subindex “i” indicates the block number. 
CGDF values higher than unity quantify the degree of retardation and values 
lower than unity quantify the degree of acceleration, both with respect to the 
predefined crack depth and the number of cycles obtained from the Ref. da/dn 
curves. 
5.2.1 Relative crack depth and crack growth rate curves for L-H-L 
sequences 
In Fig. 7.21 and Fig. 7.22 the results obtained from the L-H-L sequences are 
displayed. The green lines indicate the application of beach marks and the 
yellow lines indicate that the crack stopped growing (crack arrest). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CGDFi= Δaref  i / Δablock i                                           (7.5) 
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Fig. 7.22 a/t-n curve (A) and da/dn-n curve (B) L-H-L 
sequence material B 
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Similarly to the results obtained for the small scale specimen and the same 
sequence in chapter 6, the first part of the sequence (L-H part) does not show 
large interaction effects. However, in this case the crack growth rate from the 
MS tests do not match the reference values (red lines) very accurately (see Fig. 
7.21 (B) and Fig. 7.22 (B)). For the first case (material A) acceleration is 
consistently reported. For the latter case (material B) firstly retardation is 
visualized, and for the highest SIF range values (blocks 3 and 4) an acceleration 
is consistently reported. Evidently, due to a higher complexity involved in the 
testing of this geometry, a larger scatter is expected. It can be expected 
however that based on the results presented in chapter 6, L-H sequences might 
be related to a certain acceleration of the crack growth rate, and since the 
effects reported for blocks 3 and 4 are consistently following that trend, they 
are accepted as such. 
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Table 7.5.2 CGDF L-H-L sequence 
Mat. B 
 
Block
ΔK 
[MPa(m)1/2]
Δa     
[mm]
Δa block     
[mm]
CGDF
1 16.2 0.40 0.21 1.90
2.1 22.1 0.35 0.27 1.30
2.2 22.1 0.35 0.19 1.84
3 36.0 0.90 1.31 0.69
4.1 48.0 1.00 1.41 0.71
4.2 48.0 1.00 1.38 0.72
5 36.0 0.90 0.54 1.67
6.1 22.1 0.35 0.15 2.33
6.2 22.1 0.35
7 16.2 0.40 Crack stopped
Crack stopped
For the case of H-L subsequences, retardation of the crack growth is 
visualized. During block 8, the crack stopped growing. However due to the 
lack of an acceptable number of cycles, arrest is not reported. 
It has to be highlighted that application of beach marks does normally not 
affect the crack growth rate of the upcoming loading block. However, as can 
be seen in Fig. 7.22, a discontinuous crack growth rate is achieved following 
the application of beach marks in block 2. For the case of block 6, the crack did 
not grow after the application of the beach marks. For the latter, the influence 
of the former underload might be the reason for the crack not to grow after the 
beach marks, at least not for the tested number of cycles. 
5.2.2 Calculation of the crack growth deviation factors for the L-H-L 
sequences 
Tables 7.5.1 and 7.5.2 show the calculated CGDF for both tested materials 
(A and B respectively). 
As reported above, blocks 3 and 4 are related to a significant degree of 
acceleration. However due to the reported variations of the obtained results in 
the L-H part in comparison to the reference crack growth rate, this statement 
should be carefully considered. 
 
 
 
 
 
 
 
 
 
 
 
As it was the case for small scale specimens, H-L bock loading subsequences 
tend to retard or even arrest the crack growth. Again, for similar block 
magnitude percentage reductions, this effect seems to be enhanced at lower 
ΔK values. 
 
Table 7.5.1 CGDF L-H-L sequence 
Mat. A 
 
Block
ΔK 
[MPa(m)1/2]
Δa     
[mm]
Δa block     
[mm]
CGDF
1 14.5 0.50 0.86 0.58
2.1 22.5 0.50 0.84 0.60
2.2 22.5 0.50 0.74 0.68
3 32.2 0.90 1.85 0.49
4.1 45 0.50 1.11 0.45
4.2 45 0.50 0.97 0.52
5 32.2 0.90 0.48 1.88
6.1 22.5 0.50 0.03 16.67
6.2 22.5 0.50 0.04 12.50
7 14.5 0.50 Crack stopped
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5.2.3 Relative crack depth and crack growth rate curves for SR 
sequences 
The results of the SR block loading sequences can be seen in Fig. 7.23 and 
Fig. 7.24 for material A and B respectively. As expected from small scale test 
results and the previously reported L-H-L sequences, L-H subsequences do 
not have a very large effect on the crack growth rate and H-L subsequences 
present retardation of the crack growth rate. 
As specified before, the green lines show the application of a beach mark. 
In a limited number of cases (block 12 in Fig. 7.23 e.g.) the application of the 
beach marks does modify the crack growth rate of the upcoming loading block.  
The yellow lines included in Fig. 7.23 (A) and Fig. 7.24 (A) indicate when 
the crack was arrested during the predefined number of cycles. This response 
is in most cases related to the application of a new block with a relatively large 
decrement in stress intensity factor amplitude, for which indeed crack 
retardation or even arrest can be expected. A more detailed quantification of 
the interaction effects present in these results is given in the following. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.23 a/t-n curve (A) and da/dn-n curve (B) SR 
sequence material A 
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5.2.4 Calculation of the crack growth deviation factors for the SR 
sequences 
Tables 7.6.1 and 7.6.2 report the calculated crack growth deviation factors 
for the SR sequences. As reported in section 6, L-H subsequences do show a 
certain degree of acceleration. However because of the variations of the crack 
growth rate evidenced in some cases with respect to the reference crack 
growth rates obtained from Fig. 7.9 and Fig. 7.10, dedicated tests are needed 
to be certain about the net estimated accelerated factors. 
 
 
 
 
Fig. 7.24 a/t-n curve (A) and da/dn-n curve (B) SR 
sequence material B 
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Table 7.6.2 CGDF SR sequence Mat. B 
 
Block
ΔK 
[MPa(m)1/2]
Δa     
[mm]
Δa block     
[mm]
CGDF
1 16.2 0.15 0.08 1.88
2 25.2 0.35 0.42 0.83
3.1 30.0 0.20 0.29 0.67
3.2 30.0 0.20 0.28 0.70
4 20.5 0.20
5 36.0 0.50 0.59 0.85
6.1 25.2 0.35 0.05 7.00
6.2 25.2 0.35 0.06 5.83
7 40.0 0.30 0.51 0.59
8 20.5 0.35
9.1 30.0 0.75 0.13 5.77
9.2 30.0 1.35 0.81 1.67
10 36.0 0.70 1.35 0.52
11 20.5 0.25
12.1 30.0 0.40 0.17 2.35
12.2 30.0 0.80 0.75 1.07
13 25.2 0.25 0.09 2.78
14 36.0 0.70 1.22 0.57
15 16.2 0.20
16 48.0 0.80 0.98 0.82
17 16.2 0.20
Crack stopped
Crack stopped
Crack stopped
Crack stopped
Crack stopped
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Similarly to the test results presented in chapter 6, the proposed crack 
growth deviation factor depends on the block length. Due to that, it is not easy 
to define whether or not material A is more susceptible to interaction effects 
than material B. Additionally, the net retardation effect is influenced by this 
parameter. On top of that, it is relevant to compare the results obtained in 
chapter 6 to those presented here. Therefore a detailed analysis of the 
retardation effects using the concept of delayed number of cycles is given in 
the following section. 
Table 7.6.1 CGDF SR sequence Mat. A 
 
Block
ΔK 
[MPa(m)1/2]
Δa     
[mm]
Δa block     
[mm]
CGDF
1 14.5 0.20 0.23 0.87
2 22.5 0.60 0.67 0.90
3.1 27.0 0.40 0.54 0.74
3.2 27.0 0.40 0.45 0.89
4 18.0 0.25 0.15 1.67
5 32.2 0.90 0.95 0.95
6.1 22.5 0.30 0.16 1.88
6.2 22.5 0.30 0.18 1.67
7 18.0 0.25 0.23 1.09
8 14.5 0.20 0.18 1.11
9.1 27.0 0.40 0.51 0.78
9.2 27.0 0.40 0.50 0.80
10 32.2 0.90 0.86 1.05
11 18.0 0.25 0.14 1.79
12.1 27.0 0.40 0.38 1.05
12.2 27.0 0.40
13 22.5 0.60 0.38 1.58
14 32.2 0.90 0.73 1.23
15 14.5 0.20
16 45.0 1.30 0.98 1.33
17 14.5 0.20 Crack stopped
Crack stopped
Crack stopped
In the performed MS tests, H-L subsequences are always resulting in 
a retardation of the crack growth rate. Similarly to the case of small scale 
experiments, at lower ΔK values and larger block magnitude percentage 
reduction, this effect is increased. 
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5.3 Detailed analysis of the retardation effects 
As explained in chapter 6, the delayed number of cycles concept (nD) is 
defined as: ‘the number of cycles which are necessary until the fatigue crack 
growth rate of the baseline level is reached again’. For this investigation the 
applied number of cycles to achieve such condition was in most cases not 
enough (see Figs. 7.21, 7.22, 7.23 and 7.24). Therefore, for those blocks related 
to a relatively high degree of retardation, a curve was fitted to the measured 
points and extrapolated until convergence to the corresponding reference 
crack growth curve. 
Tables 7.7.1 and 7.7.2 summarize the calculated delayed number of cycles 
for all retardation-related loading blocks. This parameter has been estimated 
from the previously plotted curves (see Figs. 7.21, 7.22, 7.23 and 7.24). 
Table 7.7.1 Estimated nD MS specimen material A 
Item Sequence Block Δk(i-1)         [MPa(m)1/2] 
Δki           
[MPa(m)1/2] Δk(i-1)/Δki nD 
1 L-H-L 6 45 32.2 1.4 80000 
2 SR 4 27 18 1.5 60000 
3 SR 6 32.2 22.5 1.4 32000 
4 SR 7 22.5 18 1.3 23000 
5 SR 8 18 14.5 1.2 25000 
6 SR 11 32.2 18 1.8 170000 
7 SR 12 27 22.5 1.2 18000 
 
Table 7.7.2 Estimated nD MS specimen material B 
Item Sequence Block Δk(i-1)         [MPa(m)1/2] 
Δki           
[MPa(m)1/2] Δk(i-1)/Δki nD 
1 L-H-L 5 48 36 1.3 6000 
2 L-H-L 6 36 22.1 1.6 65000 
3 SR 6 36 20.5 1.8 125000 
5 SR 13 30 25.2 1.2 12000 
 
Furthermore, these results are shown in Fig. 7.25. The dashed lines are the 
curves fitted to the results obtained in chapter 6. The green dots and red 
triangles show the results of the actual investigation.  
The quantified delayed number of cycles seem to lay consistently 
above the dashed curves. This means that specimen and notch 
geometries not only influence the fatigue crack growth rate but also  
generate additional retardation effects due to the interaction of scale 
effects and variable amplitude effects. 
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Additionally, it can be seen in Fig. 7.25 that the green dots are concentrated 
in the lower region of the chart and that only a limited number of red triangles 
are plotted. This is because, unfortunately, only a limited number of transition 
block ratios have been successfully extracted from the tested blocks. Therefore 
additional tests are needed to confirm the previous mentioned statement. 
6 Conclusions 
In this chapter the concept of scale effects was reviewed. Some sources of 
scale effects are covered by the standardized design procedures. However this 
is not the case for notched specimens. Therefore particular attention was paid 
to a fracture mechanics based analysis. To this purpose a medium scale 
specimen geometry was designed. The final coupon shape, i.e. an hourglass 
shaped specimen, was determined from a critical comparison of the stress 
distribution in dog bone and hourglass shaped specimens.  
The medium scale specimens were manufactured with the same curvature,  
finishing surface and thickness as the pipes from which they were extracted.  
Due to this and the selected notch geometry, it can account for scale effects in 
a more realistic manner than the standard ESE(T) specimen. 
Because of the different constraints of small and medium scale specimens, 
the crack growth rate of the latter (in terms of crack depth) resulted to be lower 
than the crack growth rate of ESE(T) specimens. However it was proven that 
the crack area evolution is very similar for both cases. In relation to this, it can 
be concluded that the conventional use of small scale material parameters for 
 
Fig. 7.25 Delayed number of cycles as a 
function of the transition block ratio (TBR) 
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the lifetime calculation of large components is conservative. More complex 
and detailed analysis (like the methodology introduced in this chapter) is 
needed to increase the design efficiency. 
Initial notch geometry and loading conditions are very relevant for the crack 
shape evolution of surface cracked components. A discontinuity in the crack 
growth rate is evidenced in the da/dn-ΔK curves of the medium scale 
specimens (material NV F460). This is concluded to occur due to the transition 
of the maximum stress intensity factor range from the deepest crack tip to the 
crack tip at the surface. For material NV F500, the maximum SIF range keeps 
remaining at the deepest notch tip. Hence no discontinuity is evidenced in the 
obtained da/dn-ΔK curves. 
From the variable amplitude block loading investigation it is concluded that 
interaction effects induced by sudden loading changes are increased due to  
the presence of scale effects. However due to the larger complexity involved 
in testing of medium scale specimens, the difficulty on running ΔK-controlled 
tests, and limited number of data points available for the post-processing of 
the results, this conclusion should be carefully considered. 
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1 Introduction 
As pointed out in chapter 2, the complex interaction of material, 
environment and loading conditions in offshore structures makes it 
challenging to run laboratory tests in real-life conditions (seawater at 7°C on 
average [8.1] and frequencies in the range of 0.1-2 Hz for the North Sea [8.2] 
e.g.). Notwithstanding physical and chemical characteristics of the seawater 
can be controlled, the corrosion assisted fatigue phenomenon is generally 
frequency dependent [8.3–8.5]. In offshore conditions, structures are subjected 
to very low frequencies which would lead to exorbitant testing time. 
Increasing fatigue test frequencies in a laboratory environment is rather simple 
but it implies that the corrosion rate should also be accelerated. This approach 
is not always adopted, see e.g. [8.6]. In principle, an acceleration of the general 
corrosion process can be achieved by controlling electrochemical and/or 
physical parameters. This can be done during the mechanical fatigue test 
(coupled) or by pre-corroding a specimen followed by fatigue loading 
(uncoupled). An example of an uncoupled approach is to pre-corrode 
specimens in the “salt spray” chamber. In such device, an acidified fog is 
sprayed on the specimen’s surface. This is done continuously or cyclically and 
in addition temperature can be increased to further enhance the acceleration 
effect [8.7]. These tests aim to analyse the corrosion resistance of (coated) 
metals exposed to a particular corrosive agent [8.8, 8.9]. However since the 
corrosion stage is done before fatigue testing, the interaction between 
environment and cyclic loading is missing which can lead to a very different 
fatigue resistance [8.6]. An attempt to couple this methodology to the fatigue 
test was reported in [8.10]. Clearly, a coupled methodology would be more 
representative and such approach will be further analysed in this chapter.  
Some examples of accelerating the corrosion process by changing 
electrochemical parameters are reported in the following. An impressed direct 
electric current was used to accelerate the corrosion process in reinforced 
concrete bars [8.11] and to accelerate the corrosion assisted fatigue crack 
growth of an Fe440 steel [8.12] and an ASTM A333 grade 6 carbon steel [8.13]. 
In [8.14], the use of a galvanic couple (through a potentiostat controller) has 
allowed to predict the long-term corrosion of steel by an electrochemically 
accelerated aging technique. It was concluded that the weight loss of a 
specimen subjected to a 24 hours accelerated corrosion test was equivalent to 
that evidenced after 90 days exposure to normal free corrosion conditions. In 
[8.15] the relation between the susceptibility of corrosion resistant steels to 
corrosion assisted fatigue and their electrochemical characteristics has been 
established. That study showed the possibility of controlling the corrosion rate 
through the modification of electrical parameters involved in the redox 
reactions. In [8.16] it was demonstrated that temperature and dissolved 
oxygen level increments allowed to accelerate the corrosion rate 20 times in 
terms of weight loss. These methodologies intend to increase the (uniform) 
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corrosion rate. However when fatigue is added, the interaction between cyclic 
loads and the corrosion process might lead to a different result (faster or 
slower damage evolution).  
Section 2 introduces the influence of different parameters involved in the 
corrosion process. Among others, temperature, pH and electrolyte 
composition are evaluated. The working principles of an environmental 
device and conditioning unit developed for accelerated corrosion assisted 
fatigue tests are discussed in section 3. Following, in section 4 the experimental 
evaluation including material properties, test procedures and environmental 
scenarios is explained. Section 5 presents the obtained S-N and da/dn-ΔK 
curves for all tested scenarios and the influence of temperature and dissolved 
oxygen level on damage evolution. Finally, conclusions are formulated in 
section 6. 
2 Acceleration of the corrosion process 
In order to enable acceleration of the corrosion phenomenon, knowledge of 
the most influencing parameters in this electrochemical process is needed. 
Gangloff [8.3] made an overview of modern laboratory methods for 
characterizing the corrosion assisted fatigue behaviour of metals in aqueous 
electrolytes. In his work, aspects related to testing methods (endurance and 
fracture mechanics approaches, e.g.) and schematics of different test setups 
were analyzed. Additionally the most important controlling parameters of the 
corrosion assisted fatigue phenomenon are discussed (see also [8.17–8.19]). 
Amongst them temperature, dissolved oxygen level, pH, electrolyte 
composition, electrochemical potential and frequency. Temperature and 
dissolved oxygen level, which are mutually dependent, have the highest 
influence on the corrosion rate [8.19]. 
In Fig. 8.1 it can be seen that increasing the temperature in open to the 
atmosphere systems, accelerates the corrosion process and reaches a 
maximum value at a certain temperature (80°C in this example). After this 
‘knee point’ the corrosion rate starts decreasing. The main reason is that at 
higher temperatures the dissolved oxygen (DO) level decreases which reduces 
the corrosion rate. The controlling parameter is no longer the temperature but 
the dissolved oxygen level. In a closed environment, the oxygen cannot escape 
to the atmosphere and therefore the increase in corrosion rate is visible for a 
larger temperature range [8.17]. 
 
Notwithstanding all attempts to accelerate corrosion at the same rate 
as the fatigue load, a generic method for accelerated corrosion assisted 
fatigue has not yet been developed.  
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Fig. 8.1 Corrosion rate vs. temperature for iron in 
water containing dissolved oxygen (after [8.45]) 
Corrosion rate
[mm/year]
Temp.
[°C]
0 30 90
0.25
0.50
Open 
system
Closed 
system
140
0.75
60 120
 
 
 
 
 
 
 
 
 
 
 
As long as the pH level is not highly reduced, this parameter is expected not 
to play an important role in the acceleration of the corrosion process. As shown 
in Fig. 8.2 very low pH values (acid) would be needed for this purpose (natural 
seawater has a pH of approximately 8). During fatigue testing, a too low pH 
might even prevent crack initiation and encourage crack blunting [8.20, 8.21]. 
Controlling the pH level might be cumbersome since very small amounts of 
added acid might result in a very high decrease of the pH level and it is unclear 
whether this will accelerate corrosion assisted fatigue or rather retard crack 
initiation. The pH level has therefore not been selected as controlling 
parameter in this work. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.2 Corrosion rate vs. pH level for iron exposed 
to aerated water at room temperature (after [8.56]) 
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Another factor that influences the corrosion damage evolution is the 
electrolyte composition. In [8.22] the corrosion behaviour of a low carbon steel 
in different solutions (natural and synthetic seawater) has been analysed 
concluding that the corrosion rate in a simple artificial 3.5% weight/volume 
(w[g]/v[ml]) NaCl solution was higher (around 4 times, see Table 1) than in 
natural seawater. However, more complex synthetic solutions, as described in 
the ASTM D1141 standard [8.23] and recommended by the Marine Biological 
Laboratory (MBL) [8.24] e.g., showed a corrosion rate similar to natural 
seawater. Thus in order to obtain realistic results from a test, the solution 
chosen must also represent natural conditions, including chemical and 
physical properties.  From this point of view natural seawater is a good 
alternative. However it has been indicated that calcareous deposits normally 
present in natural seawater can cause crack arrest [8.24] and its corrosiveness 
can change depending on the extraction point [8.14]. 
Table 8.1 Corrosion rates obtained for SAE 1006 steel in seawater [8.22] 
Electrolyte Natural ASTM D1141 MBL 3.5%NaCl 
Corrosion 
rate (mm/y) 0.20 0.22 0.28 0.72 
As mentioned higher, a potentiostat could be used to control the 
electrochemical potential and as a result the corrosion rate to a certain extent. 
This equipment is used to measure the potential evolution during corrosion 
assisted fatigue testing [8.25–8.27]. Special attention must be paid to the 
current flow and counter electrode size, since they are related to the size of the 
area on the specimen to be corroded. This approach is in this work not further 
considered. 
3 Device for controlled environment 
All factors discussed above define the aggressiveness of the environment 
and should be controlled and measured during testing in order to assure a 
close to real testing environment. Devices developed to run such tests were 
studied during the literature review stage. This revealed a wide range of 
possibilities. Some are based on simple working principles as putting the 
specimen in a rubber piece [8.28], permeating seawater in cotton attached to 
the specimen surface [8.4], or submerging the specimen into a corrosion cell 
[8.29–8.31]. Others are more complex systems capable of deaerating the testing 
solution [8.21], run tests in very hazardous situations [8.32, 8.33], high pressure 
hydrogen [8.34], or able to inject a NaCl fog onto the specimen’s surface [8.35]. 
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Fig. 8.3 Schematic of the corrosion-fatigue experimental setup 
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Additionally the setup should allow to control test parameters as flow rate, 
temperature, salinity and dissolved oxygen level of the seawater among others. 
The visibility of the specimen and the feasibility to apply multiple on/off-line 
instrumentation techniques to measure fatigue damage (potential drop, strain 
gauges, clip gauges e.g.) were also of high priority in the design stage. A 
detailed description of the design of the actual setup is given in [8.36]. 
In Fig. 8.3, the schematics of the installation are displayed. The seawater is 
stored in a PVC reservoir (7) during the test. For testing temperatures higher 
than room temperature, a heater (6) controlled by a PID controller is installed 
inside the reservoir. It allows to increase the temperature to a maximum of 
45°C +/- 0.5 °C. If testing temperatures lower than room temperature have to 
be achieved, a chiller (12) can be used to cool the fluid down to 2°C +/-1°C. 
The water is then pumped (8) and filtered (9) using a cartridge filter of 100 μm. 
Between the filter and the chiller a flowmeter (10) is installed. Making use of a 
bypass (11), the testing flow rate is set at approximately 7 l/min. The seawater 
is pumped into the device at the bottom and flows out at the top. In this way 
a homogeneous temperature distribution is achieved. Inside the device an air 
diffusor is installed in order to saturate the water with air even at high testing 
temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
It was decided that the designed system should allow the user to 
simulate different conditions reflecting full submersion and splash 
zone tests as described in [8.6]. It should also allow to test different types 
of specimens according to e.g. ASTM 466 [8.57] for endurance fatigue 
tests, and ASTM 647 [8.58] for fracture mechanics fatigue tests. 
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The sole purpose of using a recirculation system is for refreshment of the 
electrolyte; it is however well known that higher flow rates could also be used 
to further enhance the corrosion process [8.37]. 
As introduced before, it is essential to measure and control different 
chemical and physical parameters like temperature, pH, dissolved oxygen 
level and salinity. A microprocessor based pH controller ‘Hanna instruments 
pH 500’ with a measurement range from 0 to 14 pH (from -9.9 °C  to 120°C), a 
resolution of 0.01 pH (0.1°C) and an accuracy at 20°C of +/-0.02 pH (+/-0.5 °C) 
is used. A dissolved oxygen meter ‘Hanna Instruments HI 98193’ with a 
measurement range from 0 to 50 mg/l dissolved oxygen, a resolution of 0.01 
mg/l and an accuracy of +/- 1.5% is also installed. The salinity is measured 
before, during and after each test making use of a seawater refractometer 
‘Hanna instruments HI 96822’ with a measurement range of 0 to 150 ppt, a 
resolution of 1 ppt and an accuracy of +/-2 ppt. If salinity needs to be corrected, 
distilled water with or without the addition of sea salt can be used. For the 
correction of the pH level, hydrochloric acid (HCl) and sodium hydroxide 
(NaOH) can be used. However a pH level of 8+/-0.2 was measured in all 
analyzed scenarios and a correction was thus not needed. Typical (average) 
measured environmental parameters are shown in detail in section 4.  
Photographs of the environmental device and conditioning unit illustrating 
the most important parts can be seen in Fig. 8.4 and Figs. 8.5/8.6 respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.4 Photograph of the environmental chamber 
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Used seawater 
As mentioned before, the composition of the electrolyte is very important. 
In this work, pre-filtered (5 μm) natural seawater from the North Sea coast of 
Belgium was used. Its chemical content is shown in table 8.2. 
 
 
 
 Fig. 8.65 Conditioning unit back side 
 
 
 
Fig. 8.56 Conditioning unit front side 
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Table 8.2 Chemical analysis of natural seawater used 
Element Concentration (mg/l) 
Borium (B) 4.6 
Calcium (Ca) 389 
Potassium (K) 420 
Magnesium (Mg) 1210 
Sodium (Na) 10700 
Stronium (Sr) 7.2 
Sulphate (SO4) 2500 
Chlorides (Cl) 20800 
Bicarbonate (HCO) 170 
Bromide (Br) 69 
In order to guarantee a constant condition of the seawater before each test, 
it is stored in 3 PVC containers of 1000 liters each and continuously 
recirculated trough an UV light (‘MultiMax 11W’) and a 5 μm cartridge filter. 
In this way physical and biochemical factors are kept constant and the 
biological growth is set to a minimum. 
4 Experimental evaluation 
4.1 Materials and specimen geometries 
Two steel grades defined as NV F460 and NV F500 (their material properties 
are given in chapter 4) are tested in this chapter. The coupon geometries 
considered for this analysis are hour-glass specimens (endurance approach) 
and ESE(T) specimens (fracture mechanics approach). The first and standard 
configuration (see geometry in chapter 4) is used to determine the S-N curves. 
The modified hour-glass specimen described in chapter 5 is used for 
quantification of damage evolution by means of a direct current potential drop 
(DCPD) technique. The second geometry (ESE(T) specimen) is used for the 
derivation of da/dn-ΔK curves. The specimen dimensions are similar to those 
shown in chapter 4.  
Because the clip-on gauge cannot be submerged, a modification to the 
specimen’s front face had to be made (see Fig. 8.7 and table 8.3) in order to 
install attached fixation knives. 
In Fig. 8.8 the cross section of the designed adaptation needed to allow the 
use of a clip-on gauge can be seen. In general terms, a flexible membrane is 
mounted between the specimen front face and the knives. The bolts that fix the 
knives also press the membrane towards the front face of the specimen 
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Fig. 8.7 Modified ESE(T) specimen geometry and dimensions [mm] 
 
Fig. 8.8 Cross section view of the mounted modified ESE(T) 
specimen with adaptation to install the clip on gauge 
keeping it in position and avoiding leakage. Once the specimen is clamped 
and the membrane is installed, the clip-on gage is mounted and the system is 
operational. 
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4.2 Test procedure 
4.2.1 Environmental testing scenarios 
As mentioned previously, different test conditions were realized by 
changing the temperature and dissolved oxygen levels. The testing scenarios 
are given in table 8.4. 
Table 8.4 Testing scenarios and measured physical parameters 
Scenarios Temperature [°C] 
Air 
added 
[-] 
Dissolved oxygen 
[mg/l] 
pH    
[-] 
Salinity 
[ppt] 
Frequency 
[Hz] 
S-N curves 
1 15 No 6.2 8.03 
35 10 2 45 No 3.7 7.98 
3 45 Yes 5.1 8.01 
PD damage curves (10 Hz) 
4 15 No 6.2 8.03 
35 10 5 45 No 3.7 7.98 
6 45 Yes 5.1 8.01 
PD reference damage curve (0.2 Hz) 
7 8 No 7.5 8.1 35 0.2 
da/dn-ΔK curves (10 Hz) 
8 15 No 6.2 8.03 
35 10 
9 45 Yes 5.1 8.01 
 
The pH level, temperature, salinity and dissolved oxygen level were 
measured and balanced (when required) as explained in the previous section. 
4.2.2 Endurance approach and damage evolution monitoring 
All tests were carried out using an ESH 100 kN testing machine equipped 
with a servo-hydraulic system MTS810. Tests were performed in force-
controlled mode. The stress ratio R = 0.1 and frequency f = 10 Hz were kept 
constant for all tests with the exception of the reference test (scenario 7 in table 
8.3) for which a frequency of 0.2 Hz was chosen. 
The standard specimens were subjected to constant amplitude fatigue with 
stress ranges from 340 to 500 MPa and from 340 to 540 MPa for steel grades 
NV F460 and NV F500 respectively. Tests were conducted until failure in order 
to determine the S-N curves of the material. Similarly to the procedure 
explained in chapter 5, the elongated specimens were used in a series of fatigue 
tests with stepwise increasing block loads, with the purpose of deriving a 
damage evolution curve for each of the analysed situations.  
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The stress range and number of cycles per block for these test series are 
summarized in Table 8.5. It has to be mentioned that before starting the fatigue 
test, the specimens were submerged in seawater at the corresponding 
environmental conditions until a fine uniform corrosion layer was visible. This 
lasted 1.5 hours for the tests at 45°C and added diffused air (DA), 2 hours for 
the tests at 45°C, 3 hours for the tests at 15°C and 5 hours for the tests at 8°C. 
Table 8.5 Stepwise loading procedures 
Stress range (Δσ) [MPa] Block 
number 
Block length 
@ 10 Hz 
[Cycles] 
Block length 
 @ 0.2 Hz 
[Cycles] NV F460 NV F500 
200 200 1 20000 3000 
330 300 2 15000 2200 
360 350 3 15000 2200 
390 400 4 15000 2200 
410 430 5 15000 2200 
430 460 6 15000 2200 
450 490 7 10000 1500 
460 510 8 10000 1500 
470 530 9 10000 1500 
480 550 10 7000 1000 
490 560 11 7000 1000 
500 570 12 7000 1000 
 
In order to monitor the damage evolution, the direct current potential drop 
methodology explained in chapter 5 was applied. As elaborated in detail in 
that chapter, the voltage evolution during a stepwise increasing block loading 
test (see Fig. 8.9a) is related to the cumulative fatigue damage (see Fig. 8.9b). 
In Fig. 8.9b two regions are separated by a dotted line which is drawn at the 
intersection of linear fitted curves (dash-dotted lines) to the lower and higher 
voltage regions. Stress values in the left region result in a limited voltage 
increment after a new loading block has started. This region is therefore 
defined as low dissipated energy region (LDE) and only a limited amount of 
fatigue damage is generated. For stress levels in the right region, a higher 
voltage increment is evidenced which is interpreted as significant damage 
generation. This region is therefore defined as high dissipated energy region 
(HDE). 
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For the application of the DCPD method, the instrumentation detailed in 
chapter 3 was applied, 
4.2.3 Fracture mechanics based approach 
In order to obtain the so called Paris law curve of both steels in each of the 
environmental testing scenarios, the testing procedure detailed in chapter 4 is 
adopted. Making use of the adaptation described in section 4.1, the clip-on 
gauge presented in chapter 3 is installed between the mounted knives as 
described in Fig. 8.8. This allows to online measure the CMOD and correlate it 
to the crack length as explained in chapter 4. 
All specimens have been partially pre-cracked in air. After a visible crack is 
detected (0.5 mm e.g.), the chamber is closed and filled with seawater at the 
corresponding testing condition. The pre-cracked procedure at constant ΔK 
range is continued in this condition until the minimum pre-cracked length 
detailed in chapter 4 is achieved or until the pre-corrosion waiting time 
specified for round bar specimens is accomplished; whichever has the longest 
duration. 
When the pre-cracking procedure is completed, the K-decreasing procedure 
followed by the K-increasing procedures are applied similarly to what is 
explained in chapter 4. 
 
 
 
 
 
Fig. 8.9 a) Typical stepwise block loading scheme for damage evolution 
analysis and b) Voltage increase versus stress range from Fig. 8.9a 
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Fig. 8.10 S-N curves obtained under different environmental conditions 
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5 Results and discussion 
5.1 Effects of temperature and oxygen level on S-N curves 
From the constant amplitude tests, the S-N curves of the materials 
subjected to different environmental conditions were obtained according to 
the ASTM E 739-91 standard [8.38] and plotted together with the S-N curves 
obtained in air (see Figs. 8.10 and 8.11). The S-N curves obtained in air have a 
fatigue limit of approximately 440 MPa and 460 MPa for materials NV F460 
and NV F500 respectively. 
 
 
 
 
 
 
 
 
 
There is a significant influence of the environment on the fatigue 
resistance of both tested materials which is generally explained by 
means of the anodic dissolution and hydrogen embrittlement effects 
[8.59]. 
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The exposure time to the corrosive environment is longer at lower stress 
ranges resulting in a more pronounced influence on damage initiation whilst 
it is well known that most of the fatigue life of steel is spent in crack initiation. 
The evidenced life reduction at low stress ranges in a corrosive environment 
is furthermore in line with observations made during fatigue crack growth 
tests. It has been reported that at very low stress intensity factors and oxidizing 
environments provide a basis for enhanced corrosion debris formation by 
repeated breaking and compacting of the oxide as reported in [8.39] or by 
surface film rupture and preferential electrochemical attack at the ruptured 
sites [8.40]. 
For the tested stress ranges, and as generally expected, there is no clear 
fatigue limit in corrosion assisted fatigue tests [8.5, 8.41–8.44]. Among the 
evaluated situations, the most aggressive environment (i.e. with the shortest 
fatigue life) is obtained for seawater at 45°C with the addition of diffused air 
(DA). 
 
 
Fig. 8.11 S-N curves obtained under different environmental conditions 
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It is worthwhile noticing that the lifetime for each evaluated scenario 
significantly differs in case of material A. 
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In comparison with the curve obtained at 15°C, the endurance level was 
reduced with 40% at 470 MPa, with 30% at 400 MPa and with 20% at 340 MPa. 
Interestingly, the third evaluated situation (seawater at 45°C, orange curve) 
shows a transition from the S-N curve for seawater at 45°C with diffused air 
and the S-N curve for seawater at 15°C. It starts at a high stress range transition 
value (HST45) of 490 MPa approximately and finishes at a low stress range 
transition value (LST45) of 350 MPa approximately (see Fig. 8.10). As reported 
before, the S-N curve for seawater at 45°C and diffused air represents the most 
damaging environmental condition. By comparing the S-N curves for 
seawater at 45°C and for seawater at 45°C with diffused air, it is possible to 
conclude that both temperature and oxygen play an important role in the 
damage process at higher stress ranges while the dissolved oxygen level is the 
main contributor at lower stress ranges (also see [8.45, 8.46]). A very limited 
influence of temperature on corrosion assisted fatigue crack growth rate at 
very low stress intensity values has been reported in [8.47]. 
Hence the previous analysis cannot be done. Opposite to the idea that each 
testing scenario must influence the damage ratio in a different manner, these 
results are unexpected. A series of possible root causes were established in 
order to understand this material behaviour. Chemical composition, surface 
roughness, rust layer composition, presence of calcareous deposits and 
microstructure are some of the parameters that could explain these results. A 
further discussion on this topic will be given before the presentation of the 
fatigue crack growth results. 
5.1.1 Effect of temperature and oxygen on damage evolution (DE) 
In this chapter the PD methodology developed in chapter 5 is used for the 
comparison of fatigue damage evolution in all evaluated conditions. In Figs. 
8.12 and 8.13, the voltage signals (which are a measure of the cumulated 
damage) recorded during the stepwise loading procedure detailed in section 
4 are plotted for material A and B respectively.  
In the case of material NV F450 (Fig. 8.12), the curve representative for the 
condition seawater at 45°C + diffused air shows an early damage activation 
and evolution compared to the condition seawater at 15°C. Another 
interesting observation is that the same transition trends as shown in Fig. 8.10 
can be seen. As a matter of fact, the transition points (HSTPD45 and LSTPD45) of 
the testing condition seawater at 45°C lay very close to the ones reported in 
For material B however all results lay quite close to each other. In 
other words, all scenarios are equally damaging. 
As expected, all studied environmental scenarios were more 
aggressive than conventional in air testing.  
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section 4. Additionally, at lower stress ranges all trend lines approach the one 
tested at 15°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Concerning material NV F500, only two conditions were tested (seawater at 
15°C and seawater at 45°C + diffused air). This decision was based on the 
closeness of the S-N curves of this steel, which suggests that the damage 
evolution rate for each testing scenario is very much the same. Fig. 8.13 shows 
the potential evolution related to  each testing scenario. As hypothesized from 
the S-N analysis, the obtained results do not differ much (Fig. 8.13). 
 
 
 
 
 
Fig. 8.12 ΔVS-Δσ curves obtained at different environmental 
conditions NV F450 (f = 10 Hz) 
Only a small deviation in lifetime (5 x 104 cycles) at high stress ranges 
(e.g. between 530 MPa and 550 MPa) for different scenarios is evidenced. 
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In  chapter 5 a methodology to estimate the fatigue limit and the entire S-N 
curve with a limited number of specimens based on the potential drop 
evolution curve was detailed. Based on some first trials it was concluded that 
this methodology cannot simply be applied for corrosion-fatigue tests. Firstly, 
as deduced from Fig. 8.10 and Fig. 8.11, no fatigue limit is defined. However, 
when Risitano’s method explained in chapter 2 is applied to Fig. 8.12 and Fig. 
8.13, a fatigue limit of approximately 410 MPa and 430 MPa for materials A 
and B respectively is obtained. Secondly, as explained in detail in [8.48], when 
the analysis to obtain the S-N curve in a fast way is applied, a poor correlation 
is achieved. Hence dedicated research is needed in order to find the root causes 
hereof and to optimize the methodology for the case of corrosion fatigue.  
5.1.2 Acceleration of corrosion assisted fatigue with respect to a reference 
condition 
Notwithstanding the DCPD analysis presented so far allows to analyse the 
evolution of corrosion assisted fatigue damage in each evaluated scenario, it is 
not yet possible to link these results with the temperature and frequency 
expected in reality. As stated before, obtaining the S-N curve for this condition 
would lead to exorbitant testing time. A stepwise block loading test has been 
carried out at 8°C and 0.2 Hz according to the test procedure indicated in table 
 
Fig. 8.13 ΔVS-Δσ curves obtained at different environmental 
conditions NV F500 (f = 10 Hz) 
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Fig. 8.14 ΔVS-Δσ curves obtained at real (f = 0.2 Hz) and 
testing conditions (f = 10 Hz) NV 460 
 
 
Fig. 8.15 ΔVS-Δσ curves obtained at real (f = 0.2 Hz) and 
testing conditions (f = 10 Hz) NV 500 
8.4 with the aim of generating a reference damage evolution curve. The DCPD 
results can be seen in Figs. 8.14 and 8.15 for material A and B respectively. 
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The so obtained curves have been compared to these obtained for specimens 
in seawater at 15°C and in air (both at 10 Hz). The reference curves show a low 
stress range transition value (LSTPD8) of 320 MPa for material A and of 280 
MPa for material B where the voltage increment is equal to that obtained for 
the specimen in seawater at 15°C and it tends towards the curve obtained in 
air at higher stress ranges showing a high stress range transition value (HSTPD8) 
of 500 MPa and 575 MPa for materials A and B respectively. These 
observations allow to construct the reference S-N curves as follows. The 
number of cycles to failure corresponding to the LSTPD8 stress range is 
determined from the S-N curve for seawater at 15°C. The number of cycles to 
failure corresponding to the HSTPD8 stress range is determined from the S-N 
curve for air at room temperature. Hypothesizing that these stress values and 
corresponding cycles to failure also belong to the reference S-N curve it is 
possible to fit a curve of the following form (Basquin equation): 
	∆ߪ	௠ೄಿ಴ಷܰ ൌ ܥௌே஼ி																																																																																																											ሺ8.1ሻ 
Where Δσ is the stress range, N is the number of cycles until failure and 
mSNCF and CSNCF are constants. Making use of the generalized reduced gradient 
(GRG) solver algorithm, the constants were estimated as detailed in table 8.6.  
Table 8.6 Summary of material endurance properties in seawater at 8°C 
Material mSNCF log(CSNCF) 
A (NV F450) 3.9 15.9 
B (NV F500) 3.3 14.6 
Figs. 8.16 and 8.17 show the fitted reference S-N curve (blue dashed line) 
together with the curves obtained in air and in seawater at both 15°C and 45°C 
with diffused air for material A and B respectively. The data points used for 
the curve fitting procedure are shown as blue squares. 
 
This result was unexpected since in general one expects a certain frequency 
dependence in corrosion assisted fatigue tests; at least for crack growth based 
experiments [8.7]. Therefore an additional stepwise test at 8°C and 10 Hz has 
been carried out. Interestingly, the same damage evolution curve as the one 
obtained at 8°C and 0.2 Hz was obtained. This strengthens the hypothesis that 
the frequency does not play a significant role for the evaluated conditions. A 
Assuming that the calculated reference curve is a good estimate for 
the S-N curve in real conditions (seawater 8°C and 0.2Hz), it might imply 
that - in this work - environmental factors are more important than the 
frequency. 
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similar response was also reported in [8.3] for crack growth based tests. In any 
case, the S-N curve for such particular condition should be constructed by the 
traditional method in order to verify this hypothesis. 
 
 
 
 
 
 
 
 
 
 
Fig. 8.16 S-N curves obtained according to the traditional approach 
for seawater at 15°C-10Hz and 45°C+DA-10Hz and calculated from 
the DCPD analysis for seawater at 8°C-0.2Hz - NV F460 
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Comparing the reference S-N curve to the S-N curve obtained at 45°C 
with diffused air, a significant acceleration of the corrosion assisted 
fatigue damage process was obtained. Again, such phenomenon is much 
more efficient at higher than at lower stress ranges. 
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5.1.3 Comparison of results 
The results shown for material A are in accordance to both hypotheses 
formulated at the start of this chapter: 1) fatigue life of high strength low alloy 
steels submerged in natural seawater decreases significantly even at rather 
high frequencies and 2) a higher temperature and dissolved oxygen level will 
further accelerate the damage process. Results of material B only comply to 
the first hypothesis.  
Chemical composition was excluded from the analysis since on the one 
hand both steels show a very similar composition and on the other hand none 
of the alloying elements’ concentration is high enough to create a passivation 
layer (e.g. min. 10.5% in weight of chromium is needed to this purpose [8.49]). 
As described in [8.50], the corrosion layer tends to protect the uncorroded 
surface from the environmental action. This is the basis of passivation. Of 
course in order to create a very stable and resistant passivation layer, steels 
with very specific chemical compositions are manufactured. As specified 
above, this is not the case for material B. Still, some corrosive species are more 
active than others. In the regions where ”typical” compounds such as                   
 
Fig. 8.17 S-N curves obtained according to the traditional approach 
for seawater at 15°C-10Hz and 45°C+DA-10Hz and calculated 
from the DCPD analysis for seawater at 8°C-0.2Hz - NV F500 
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As stated before, the very small differences amongst results for the 
tested steel grades indicates a certain testing scenario independency. 
Chemical composition, rust layer composition, and calcium deposits are 
some of the parameters that could explain this material behaviour. 
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α-FeOOH and Fe2O3 are present, a very dense rust layer will be created [8.51]. 
If  material B is more prone (compared to material A) to form these types of 
compounds, a more stable barrier to the environmental reactions would be 
created. In addition to this, the presence of calcareous deposits in natural 
seawater can affect the redox reaction dynamics [8.22]. At rougher surfaces 
and higher temperatures the deposition rate of calcium compounds is 
increased [8.52, 8.53]. As introduced in chapter 4, material A specimens have 
a lower surface roughness than material B specimens (Ra~0.02 µm vs. Ra~0.06 
µm for material A and B respectively). Therefore a relatively strong calcareous 
layer might be formed on material B specimens. At higher temperatures it can 
be deposited faster which counteracts the acceleration of the free corrosion due 
to the temperature increase. Hence both effects tend to cancel each other out 
and a significant difference in fatigue life would not be evidenced. To check 
these hypotheses, an analysis of the corrosion layer composition was carried 
out. It was indeed found that a thicker and more resistant calcareous deposit 
layer was deposited onto the surface of material B at both tested temperatures 
15°C and 45°C. 
5.2 Effects of the environment on da/dn-ΔK curves 
As stated before, a series of fatigue crack growth tests in corrosive 
environment were carried out. To this end, two environmental conditions 
(most and least damaging, see table 8.4) were used. 
Figs. 8.18 and 8.19 show the data points obtained from these tests. 
 
At least for the used testing frequency (10 Hz), no relevant modification of 
that property is evidenced for SIFs higher than 25 MPa(m)1/2.  
 
 
 
 
 
 
 
In general terms it can be concluded that in the near to the threshold 
region there is an influence of the environment on the fatigue crack 
growth rate of both steels. 
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Fig. 8.18 da/dn-ΔK data points obtained at f=10 Hz and seawater at 15°C 
and 45°C+DA - NV F460 
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Since the main contribution of the environment is a tendency to decrease 
the threshold stress intensity factor and to increase the crack growth rate at 
rather low SIFs, it can be concluded that material A behaves according to the 
true-corrosion classification given in chapter 2. 
 
Similarly to what has been witnessed in the endurance analysis 
previously presented, material A shows a slightly different crack growth 
rate susceptibility to environmental scenarios (the crack growth rate is 
slightly higher in the harsher situation). 
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Additionally, and as anticipated in the corrosion-fatigue endurance 
investigation of Material B, both testing scenarios are equally damaging. In 
this particular section, parameters that are related to the surface roughness and 
stability of the corrosion might not be very relevant since the main damage 
mechanisms occur at the crack tip. However, the microstructure plays a key 
role in the corrosion-fatigue behaviour of steels. Some microstructures 
(martensite e.g.) are more susceptible to  hydrogen embrittlement [8.54] which 
accelerates the damage process. As a matter of fact, typical ferritic-perlitic 
steels (material A) were reported to have a lower corrosion-fatigue resistance 
than ferritic-bainitic steels (material B) [8.55]. 
 
Fig. 8.19 da/dn-ΔK data points obtained at f=10 Hz and seawater at 
15°C and 45°C+DA - NV F500 
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In comparison to material A, material B shows a very small sensitivity 
to corrosion fatigue (obtained data points lay very close to the curve 
obtained in air, see Fig. 8.19). 
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6 Conclusions 
 In chapter 2, the need of running accelerated corrosion assisted fatigue 
tests has been highlighted. In this chapter, different methodologies are 
proposed based on the idea that the electrochemical reactions that take place 
between sample and environment must be speeded up together with the 
testing frequency. On the one hand, one can use a current flow between the 
specimen and a counter electrode to change the speed at which the reactions 
take place. On the other hand, chemical and/or physical parameters can be 
modified. A literature review revealed that temperature and dissolved oxygen 
level are of major relevance. Therefore these were used as the variable 
environmental parameters in this investigation.   
An environmental device allowing to perform fatigue tests in controlled 
environmental conditions has been designed and built. This setup was used to 
run a series of tests at different environmental conditions. Analysing the 
determined S-N curves indicated that all evaluated scenarios show an 
important influence of the environment on the corrosion assisted fatigue 
process. No fatigue limit was found in the tested stress range bands. For 
material A it was concluded that both temperature and dissolved oxygen level 
play an important role in the acceleration of the damage process at higher 
stress ranges, while the addition of diffused air is the most important 
parameter at lower stress ranges. For material B, all testing scenarios were 
equally damaging. This is believed to be related to the higher tendency of 
calcareous deposits to be deposited onto rougher surfaces which is increased 
at higher temperature and might compensate the corrosion acceleration effect. 
The direct current potential drop concept was applied to a series of 
dedicated tests in order to obtain a damage evolution curve for each of the 
evaluated environmental conditions. From this analysis, the same high and 
low stress transition ranges as the ones highlighted in the analysis of the S-N 
curves were identified. This corroborates the feasibility of this technique for 
the evaluation of corrosion assisted fatigue. Additionally, the construction of 
an S-N curve obtained from the DCPD analysis of a test in close to real 
conditions was discussed. The obtained curves suggest certain frequency 
independence. 
By comparing the most severe environmental condition and the reference 
curve, the tested methodology was able to accelerate the corrosion assisted 
fatigue damage significantly. This demonstrate the feasibility to accelerate 
This could explain the very low effect of the environment on the crack 
growth rate of material B. 
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corrosion during fatigue testing. The detailed quantitative control of 
acceleration is however subject of further research. 
Fracture mechanics based test results show a certain modification of the 
crack growth rate, mostly at rather low stress intensity factor ranges. Material 
A results show a varying environmental sensitivity per testing scenario. 
Material B is less sensitive to the corrosive action of the used seawater. This 
can be justified based on the fact that the microstructure of this steel has been 
reported to be less sensitive to corrosion, which might explain the very low 
environmental effect present in the results. 
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1 General conclusions 
The last decade offshore-based energy production attracted wide attention 
from both industry and academia. Benefited by international environmental 
threats, wind based energy found a privileged place. In order to settle this 
industry in further and deeper waters, in a cost-efficient way, the application 
of high strength low alloy steels for jacket construction is necessary. Recent 
versions of offshore fatigue design codes allow the use of high strength low 
alloy steels, but the proposed design curves are over-conservative in order to 
safely cover the lack of knowledge with respect to the fatigue resistance of 
these steel grades in real offshore environmental conditions. 
Based on a literature review, the following research needs have been 
identified: 
 development of methodologies with focus on the reduction of 
fatigue testing time, what could ultimately lead to a faster inclusion 
of new generation materials in design codes 
 evaluation of the block loading changes effect on the fatigue crack 
growth rate of offshore steels 
 analysis of scale effects and development of a testing methodology 
to account for realistic crack propagation analysis 
 establishment of testing approaches that allow to accelerate the 
corrosion process in such a way that normal testing frequencies can 
be used during corrosion assisted fatigue tests 
To cover all these topics, advanced experimental fatigue evaluation 
approaches have been developed. They are summarized in the following.  
Additionally, the tests have been conceived in such a manner that their 
output can be used as input for the calibration of numerical models being 
developed in the framework of an ongoing SIM project [9.1]. 
1.1 Methodology 
Due to the complexity of the fatigue damage process, most design rules are 
based on empirical relations. Fatigue research aimed at a more profound 
understanding of its mechanisms requires experimental validation which is 
resources and time consuming. Factors such as loading history, scale effects 
and corrosion require to run tests in conditions comparable to reality which is 
not straightforward (see chapter 2). 
First activities of this project focused on material characterisation. Basic 
mechanical and chemical properties of two steels, representative for offshore 
grades NV F460 and NV F500, have been characterized at the start of the 
project. Complementary to these basic static properties, the fatigue behaviour 
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has been characterized by deriving S-N and da/dn-ΔK curves (in air) according 
to standardized testing procedures [9.2, 9.3]. The test results (chapter 4) have 
been used as a reference in the later evaluation of fatigue behaviour. 
A second objective was the implementation of multiple instrumentation 
techniques to assess fatigue damage (chapter 3). To this purpose potential drop 
based and infrared based methodologies have been developed (chapter 5). 
Applying relatively simple testing methodologies and data post-processing, 
the general fatigue properties (fatigue limit, S-N curve) of the selected 
materials could be obtained. 
Thirdly, a framework for variable amplitude fatigue tests has been 
developed. Special attention has been paid to block loading events with 
amplitude variations somehow representative of offshore loading conditions. 
The goal was to analyse which interaction effect (acceleration or retardation of 
the crack growth rate) is dominant in this particular type of sequences (chapter 
6). Additionally the test results have been compared to analytical lifetime 
predictions based on 5 distinct models. 
The fourth objective of this dissertation was related to the development of 
a medium scale notched specimen able to reproduce the crack shape evolution 
observed in full scale structures (chapter 7). The middle scale specimen can be 
tested in conventional testing machines and allows implementation of 
multiple instrumentation techniques. 
Finally, a methodology to reduce the duration of corrosion assisted fatigue 
tests has been developed (chapter 8). A corrosion fatigue setup has been 
designed and manufactured to this purpose. Acceleration of the corrosion rate 
has been achieved by changing temperature and dissolved oxygen level of the 
used electrolyte. Advanced instrumentation techniques have been 
implemented for on-line monitoring of damage evolution in both endurance 
and fracture mechanics based tests. 
1.2 Main results 
1.2.1 Reducing fatigue testing time 
In recent years some infrared thermography based methodologies that 
allow to determine the fatigue limit or an entire S-N curve of different classes 
of materials with a limited number of specimens have been proposed. The 
feasibility of those methods has been proven and additionally a novel, 
potential drop based methodology has been presented and successfully 
demonstrated as an alternative to the infrared based technique. This choice of 
instrumentation is motivated by the fact that the use of the infrared technique 
might be limited to a certain extent, due to the surrounding environment, 
temperature and accessibility of the test specimen.  
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In chapter 5 it has also been highlighted that for variable amplitude (VA) 
cyclic loading, fatigue failure can occur at stress ranges below the classical 
fatigue limit.  The concept of the irreversible limit has been introduced. 
1.2.2 Interaction effects due to block loading events 
Experimental evidence of the effect of sequential block loading on lifetime 
of offshore steel grades is lacking in open literature. To this purpose a 
simplified testing methodology has been presented. In particular three block 
loading sequences have been investigated. Low to high (L-H) sequences were 
concluded not to generate large interaction effects, although sometimes an 
acceleration of the fatigue crack growth rate was evidenced. High to low (H-
L) sequences were always leading to crack growth retardation. At low stress 
intensity factor ranges and high transitions in their amplitudes, the net 
retardation effect was most pronounced and in some cases even caused crack 
arrest. 
Semi-random sequences containing both L-H and H-L subsequences 
evidenced a certain accumulation effect of the interaction phenomena 
introduced above. 
Steel grade NV F460 was shown to be more sensitive to interaction effects 
than steel grade NV F500. This is due to the fact that materials with lower yield 
stress tend to create a larger plastic zone at the crack tip which slows down the 
more dominantly crack growth. 
In all cases, interaction effects have been quantified on the basis of a 
“deviation factor” and a “delayed number of cycles”. That last parameter was 
shown to allow the most accurate evaluation. 
A number of fatigue crack growth models, both global and cycle-by-cycle 
analyses, have been applied and compared to experimental lifetime. Within 
the group of global approaches, the modified Miner’s model resulted in the 
most accurate life predictions (around 60% of the lifetime obtained from tests). 
Within the category of cycle-by-cycle analyses, predictions of up to 80% of the 
experimental lifetime have been achieved with the modified Willenborg 
model. 
1.2.3 Scale effects on crack growth 
Different root causes of scale effects have been defined. Statistical defects 
and technological size effect are very relevant for unnotched and unwelded 
specimens. Geometrical size effects gain importance in welded components. 
For unwelded, notched specimens, stress increase effects play a key role in the 
estimation of fatigue life. However not a lot of experimental research has been 
done in relation to stress increase effects due to the presence of a flaw. 
Medium scale specimen tests revealed that the experimentally observed 
crack depth was approximately 50% smaller than the crack depth estimated 
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using small scale fatigue crack growth properties. This was concluded to occur 
due to differences in geometrical constraints related to small and medium 
scale specimens. On top of that, it has been highlighted that for a semi-elliptical 
notch the distribution of the stress intensity factor range along the crack front 
is not homogeneous. The crack shape evolution is evidently dependent on the 
initial notch geometry and loading conditions. A discontinuity in the crack 
growth rate was evidenced in the da/dn-ΔK curves of the medium scale 
specimens (material NV F460). This was concluded to occur due to the 
transition of the maximum stress intensity factor range from the deepest crack 
tip to the crack tip at the surface. 
A methodology to more appropriately use material data derived from small 
scale specimens in the assessment of the crack growth evolution of notched 
components has been presented. It was stated that for these cases an area 
evolution and an equivalent stress intensity factor range are more appropriate. 
Analytical predictions showed a much better agreement with test results 
(obtained at both scales) than by comparing unidirectional crack growth rates. 
Variable amplitude tests on medium scale specimens showed similar trends 
in interaction effects as tests on ESE(T) specimens. However there seems to be 
a certain magnification of these effects (acceleration/retardation) due to the 
presence of scale effects. 
1.2.4 Accelerating corrosion assisted fatigue experiments 
Because of the time dependent evolution of corrosion, combined corrosion-
fatigue tests must be carried out at frequencies representative of service 
conditions. Consequently, these are very time consuming in the case of 
offshore structures in North Sea conditions. To tackle this situation, a 
methodology based on accelerating the corrosion rate in order to increase the 
fatigue test frequency has been proposed. 
Endurance and fracture mechanics based fatigue tests have been carried out 
at different environmental conditions (temperature and dissolved oxygen 
level). In general, for endurance based fatigue tests, a large effect of the 
environment on the S-N curve of each tested steel grade was observed. 
Additionally, steel grade NV F460 showed a particular environmental 
sensitivity per testing scenario. This was not the case for steel grade NV F500 
which showed a similar damage evolution independent of the corrosiveness 
of the environment. 
It has been demonstrated that a state-of-the-art direct current potential drop 
based testing methodology enabled quantification of fatigue damage. 
Fracture mechanics based test results showed a relation between different 
testing scenarios and their respective crack growth rate at 10Hz. The harsher 
the environment, the higher the crack growth rate. Similarly to what has been 
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mentioned above, steel grade NV F460 was more sensitive to the different  
environmental conditions as compared to steel grade NV F500. 
2 Perspectives for future work 
2.1 Welded connections 
In this dissertation all tests have been based on base material. The feasibility 
of the IR based testing methodology presented in chapter 5, for welded details 
has been demonstrated in [9.5]. For completeness, the PD methodology 
developed in this dissertation should also be demonstrated for welded 
coupons. As a matter of fact, the evaluation of all methodologies developed in 
this work using welded specimens is a must in the optimisation of more solid 
testing approaches.  
Due to the large number of potential welding procedure parameters 
involved, the design of an effective and efficient experimental study will be 
much more complex. Since more scatter in experimental data is anticipated, a 
large number of tests for each combination of parameter settings will be 
needed to obtain statistically relevant data. An experimental study based on a 
‘design of experiments’ approach and focusing on a limited number of 
scenarios and parameter settings is recommended.  
A higher noise level on signals obtained with the higher discussed 
advanced instrumentation is expected because of the inhomogeneous weld 
metal or the rougher surface. In order to improve the signal to noise ratio, 
particular signal filtering techniques will be necessary. 
The crack growth rate and crack path orientation are expected to be 
influenced by the presence of different microstructures in weld metal, heat 
affected zone and base metal. To avoid preferential crack growth paths, side 
grooves might be used in standardized specimens. It is however unclear 
whether this practice will lead to sufficiently realistic results. 
Hydrogen induced cracking might play an important role in the evolution 
of corrosion-fatigue of welded components. Since specific instrumentation 
and scientific knowledge are needed for a thorough understanding of this 
topic, a collaborative research project involving research groups with expertise 
in fracture mechanics, metallurgy and surface chemistry seems most 
appropriate. 
Residual stresses are normally present in welded details and fatigue life is 
dependent on the magnitude and distribution of such stresses. Due to cutting 
and grinding operations, residual stresses tend to be (partially) released 
during the manufacturing of laboratory scale specimens. From this point of 
view, medium scale specimens might offer a more realistic quantification of 
fatigue damage evolution.  
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Semi random block sequences have been used as a first attempt to evaluate 
the effect of the degree of randomization on fatigue crack growth rate. 
According to literature, specimens subjected to fully random spectra present 
fatigue lives similar to or lower than those estimated with Miner’s rule [9.7, 
9.8]. According to [9.6], these blocks are still too “ordered” to obtain a final 
conclusion with respect to the influence of the randomization degree on the 
severity of the interaction effects. Therefore intermediate SIF ranges should be 
suggested in order to obtain different degrees of randomization. On top of that, 
the evaluation of the effect of mean stresses on the retardation/acceleration of 
the crack growth rate should be included in future testing procedures 
2.3 ΔK controlled routines to test MS specimens 
Application of additional online instrumentation techniques (clip-on gauge 
and strain gages) is needed for a more detailed investigation of variable 
amplitude effects using the medium scale specimen geometry. As it is the case 
for the tests presented in chapter 6, this topic is more efficiently investigated if 
ΔK controlled tests are carried out. An improved testing procedure including 
the possibility to control the tests based on online crack growth monitoring 
will help on a more efficient material use,  and a clearer result interpretation. 
2.4 Quantification of the corrosion rate and frequency 
dependence 
In chapter 8 the feasibility to accelerate corrosion during fatigue testing was 
demonstrated. This is hypothesized to allow higher testing frequencies than 
those representative of reality (0.2 Hz e.g.). Some results suggested a certain 
frequency independence. On top of that, due to the lack of real reference 
curves (obtained at sea loading frequencies), and due to limited number of 
tests (statistical analysis is not possible), a complete acceleration quantification 
was not feasible. To this purpose a parametric study on the actual frequency 
effect and a deeper physical description of the corrosion process for the 
evaluated testing conditions should be carried out.  
The testing methodology to obtain the fatigue limit and the S-N curve with 
a reduced number of specimens should theoretically be feasible in the 
submerged situation. As indicated in [9.9] some first attempts have been 
performed to this purpose. These did however not yield good results. It is 
believed that the energy approach which relates measured temperature or 
voltage and the area below the reference temperature/voltage curve with the 
number of cycles up to failure is only adequate when the temperature or 
voltage evolution follows a simple quadratic evolution with damage (as 
introduced in [9.10]). However, during the corrosion-fatigue process a 
multiple slope power evolution has been evidenced. This would mean that this 
equation should be tuned to more accurately consider both damage 
mechanisms (corrosion and fatigue). 
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2.5 Additional research opportunities 
Investigation of the fatigue behaviour of hybrid joints (eg. composites to 
steels) has received some attention in recent years, particularly to manufacture 
ships structural connections. However they have not been included in design 
codes which reduces their applicability field. In order to do so, lots of tests are 
needed.  Hence it is proposed as a “hot” research topic with wide industrial 
application in which some of the aspects developed in this work can be applied. 
Tests on full scale components should be carried out to validate the usability 
of the medium scale specimens in a more accurate fatigue life prediction. 
Notwithstanding this work focused on uniaxial loading analysis, real 
structures are subjected to more complex loading conditions. Multiaxial 
fatigue should therefore be considered in future research. 
Further research opportunities of actual industrial concern are related to the 
microbiological influence on the corrosion-assisted fatigue process, and more 
accurate estimation of the fatigue damage in the splash zone. For the 
investigation of the first topic a more precise knowledge of the effect of the 
microbiological activity on the corrosion rate is needed. If for instance this 
reduces the pH or generates large amount of hydrogen, the testing scenario 
should be changed such that these elements are more realistically reproduced 
during the test. For the investigation of the splash zone, the use of a peristaltic 
pump has been foreseen so that fine electrolyte drops are sparked onto the 
specimen surface at the desired splashing frequency. 
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1 Introduction 
This appendix presents a sensitivity analysis of the methodology described 
in chapter 5 and used to obtain the fatigue limit from the PD readings at 
different stress ranges.  
As explained in chapter 5, the obtained result might depend on the person 
performing the analysis. It is therefore necessary to demonstrate that the 
inclusion/exclusion of 1 or even 2 data points would lead to very similar 
results. With this in mind, the ΔV-Δσ charts are re-plotted and Risitano’s 
methodology is applied considering different number of data points. 
2 Analysis 
As explained in chapter 5, Risitano postulated that the fatigue limit of a 
material can be obtained from the intersection of a linear curve and the 
abscissa in a ΔT-Δσ chart. This curve is fitted amongst the points contained in 
the HDE region of this chart. As has been proven in chapter 5, the potential 
drop technique can also be used for the same purpose. Since the accuracy of 
the method depends on the chosen number of points to fit the curve, a 
sensitivity analysis has been carried out with the aim to estimate the deviation 
that could arise by including/excluding some of the measured points from the 
analysis. 
As shown in Figs. A1 and A2, 3 linear fitted curves are plotted considering 
3 to 5 out of 5 measured points for material NV-F450 and 3 to 6 out of 6 
measured points for material NV-F500 respectively. 
 
Fig. A1 Sensitivity analysis on ΔV-Δσ curve. Material NV-F450 
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From this analysis an average fatigue limit of 443 MPa and standard 
deviation of 4.3 MPa for material NV F450 and an average value of 458 MPa 
with a standard deviation of 6.2 MPa for material NV F500 have been obtained. 
3 Conclusions 
Irrespective of the number of data points used in the fitting procedure for 
the determination of the fatigue limit, a relatively small standard deviation is 
found. It is therefore concluded that notwithstanding the results obtained with 
this methodology are “user” dependent, it only shows a marginal sensitivity 
to the exact number of data points used. 
Fig. A2 Sensitivity analysis on ΔV-Δσ curve. Material NV-F500 
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